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PREFACE 
This program waz conducted f o r  the NASA-Goddard Space 
F l i g h t  Center under Contract  NAS5-9590, I I T R I  P ro jec t  K6088. 
M r .  Charles E .  V e s t  ac ted  as  N A S A ' s  Technical Of f i ce r .  A t  
I I T  ReFearch I n e t i t u t e  the program was d i r e c t e d  by Frank 
Iwatsuki,  Manager, F lu id  SyPtems and Lubricat ion Sec t ion  
and Je r ry  F a r r e l l ,  P r o j e c t  Engineer. Other I I T  Research 
I n s t i t u t e  personnel who have cont r ibu ted  t o  t h e  t e c h n i c a l  
e f for t , c  of the program a r e  Shapoor Guzder and D. Sher r .  
ABSTRACT 
This report describes the experimental facilities de- 
veloped for the evaluation of 8 different materials using 
304 gears (involute profile) and 32 gears (cycloidal profile) 
ae the test component. 
Brief dezcriptions are given of the four-square gear 
test rigs, mazter gear arrangements and instrumentation 
for the mea,rurernent of wear rates. The first Feries of 
material evaluations using the involute gears at constant 
speed ( 1 8 0 0  rpm) and torque load (20 oz-in.) have been com- 
pleted and theee re.cults are presented in this report. These 
testF included 14 atmoepheric te.stF and 42 tePtF conducted 
in vacuum. 
The evaluation reeultc of 8 materials in the 224 in- 
volute gear? indicate that the nitrided Nitralloy and 440C 
Ftainless steel material combinations operated for the pre- 
scribed time (720 hours) in both laboratory and vacuum at- 
mosphere. The Martin Hard Coated 7075 aluminum alloy and 
the nitrided Nitralloy materials combination a,e well as the 
Martin Hard Coated 7075 aluminum alloy and C-1085 steel silver 
plated with MoS2 "in situ" combination operated for the pre- 
ecribed time in vacuum only. In the laboratory evaluations, 
the nitrided Nitralloy and phosphor bronze -15% MoS2 matrix 
material combination operated for the prescribed time. 
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,VACUUM TEST OF INSTRUMENT S I Z E  GEARS 
1.0 INTRODUCTION 
This program w a s  undertaken t o  eva lua te  the w e a r  
characteristics of eight materials and to  determine from 
th i s  information their r e l i a b i l i t y  and s u i t a b i l i t y  f o r  space 
appl ica t ion .  The s e l e c t i o n  of these materials w a s  based upon 
the need f o r  unlubricated components o r  components l u b r i c a t e d  
w i t h  a d ry  f i l m  l u b r i c a n t  (MoS2). The l i t e r a t u r e  s h o w s  that  
materials w i t h  hardened su r faces  as w e l l  a s  very hard materials 
have extended w e a r  l i v e s .  Also, the hard surfaced materials 
are p r imar i ly  i n t e r m e t a l l i c  compounds which makes them very 
r e s i s t a n t  t o  cold welding i n  the space environment. A 440C 
s t a i n l e s s  steel through hardened material w a s  evaluated t o  
f u l f i l l  the need f o r  a cor ros ion  r e s i s t a n t  mater ia l .  A l i gh t  
anodized 7075 aluminum a l l o y  w a s  evaluated and used as a b a s i s  
f o r  comparison of the other materials. A beryl l ium copper 
a l l o y  through hardened ma te r i a l  w a s  selected f o r  i t s  non- 
magnetic, electrical, and t h e r m a l  conductance p rope r t i e s .  
‘ T h i s  r e p o r t  summarizes the work performed on the 
s u b j e c t  c o n t r a c t  during the per iod of 22  June 1965 t o  1 Au- 
g u s t  1967. 
having an invo lu te  p r o f i l e  w a s  experimentally evaluated f o r  
wear r a t e s  and t o o t h  surface degeneration. 
A t o t a l  of 224 gears of e i g h t  d i f f e r e n t  materials 
These materials w e r e  evaluated using g e a r s  i n  a four- 
square gea r  tester a t  a speed of 1800 rev/min under a torque  
load of 20 oz-in, which corresponds t o  a t o o t h  load of 67 
lb / in ,  or a con tac t  stress of 60,000 p s i .  Each test was 
continued u n t i l  the gear too th  p r o f i l e  was reduced by approxi- 
mately 1 0  pe rcen t  or u n t i l  720 hours of continuous running 
had elapsed. For every ma te r i a l  combination, the eva lua t ion  
included t r ip l ica te  runs i n  vacuum environment (pressure of 
less than  5 x 10-8 torr)  and one run i n  t h e  l abora to ry  environ- 
ment (atmospheric) under a d u s t  cover. 
1 
2.0 CONCLUSIONS 
2.1 At 20 oz-in, of torque load and 1800 rpm only the 
nitrided Nitralloy versus 4406 stainless steel mate- 
rials combination ran for 720 hours without accumula- 
ting greater than 10 percent wear in both atmospheric 
and vacuum environmental tests. 
Beryllium copper alloy 25 is not a desirable material 
for use as a gear material at 20 oz-in, of torque 
load and 1800 rpm either in the laboratory or vacuum 
environment . 
2.2 
2.3 Both light anodized 7075 aluminum and phosphor-bronze 
15 percent MoS2 matrix do not possess adequate mechani- 
cal properties for use at 20 oz-in. of torque load and 
1800 rpm. 
2 
3 ..o DISCUSSION 
TEST FACILITY 
Preliminary Desiqn Considerations 
The first and major phase of the program was to design 
and construct a test facility for evaluating materials using 
instrument size gears under vacuum and laboratory (atmospheric) 
environmental conditions. The initial task was to consider the 
appropriate test fixture design which would enable completion 
of all the tests within the allotted test period. Considering 
that there are 224 gears to be tested and there is a total of 
1 4  different material combinations to be evaluated, it was 
felt that a test facility capable of testing 32 gears of two 
different material combinations simultaneously would be adequte 
for completing the entire test program in a maximum period of 
seven months, based on the requirement that each test would be 
conducted for a maximum of 720 hours. This period did not in- 
clude the changeover and setup time between tests, 
Since the contract calls for testing all materials 
under constant load and speed conditions, a four-square gear 
testing configuration was selected. The utilization of the 
four-square arrangement was considered ideal for testing 
gears in a vacuum environment. It permitted operation of 
the gears under the desired loads without imposing strenuous 
requirements on mechanical vacuum chamber penetrations. 
Two separate apparatus have been designed. One 
apparatus was used for testing gears in laboratory atmos- 
phere, and the other was used for vacuum environment test- 
ing as shown in Figures 1 and 2, respectively, In addition 
to the four-square test rigs and drive motors, each apparatus 
includes amaster gear mechanism, the function of which shall 
be discussed later in this section. It should be noted that 
all four-square test rigs in both apparatus are positioned 
around this master gear mechanism such that all test gears 
are at the same radial distance from a vertical reference 
center line which coincides precisely with the center line 
of the rotation of master gear mechanism. This arrangement 
is shown in Figure 3, 
3.1.2 Vacuum System 
Of all the space environmental parameters affecting 
the operation of mechanical components, the "hard vacuum" 
is one of the most influential. Reproduction of the exact 
density, molecular flux and composition of the environment 
3 
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Figure 2 Test Apparatus. for Vacuum Environment 
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Figure 3 Gear Test Apparatus in Vacuum 
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h 
is  essent ia l  fo r  meaningful tests b u t  i f  the fundamental 
interactions can be predicted, these factors  can be accounted 
for. However, to  reduce the interaction of mechanical wear 
surfaces with the impinging gas species t o  a negligible level ,  
it i s  necessary t o  reduce the molecular f lux  t o  a level a t  
which the monolayer adsorption is  very long compared to  the 
time for  one revolution of a gear. 
1800 rpm, a chamber pressure of 5 x 10-8 or  less should pro- 
vide adequate simulation, 
Thus, for a gear speed of 
Figure 4 shows the complete vacuum systern consisting 
of: 
@ Fourteen in.-diam and lZ-in.-high s ta in less  
steel vacuum chamber w i t h  four view ports ,  
one 14-in, Wheeler flange, three e lec t r ica l  
f eedthroughs, one mechanical rotary f eedthrough, 
and a 6-in. pump manifold with two roughing valves, 
Two Varian Vac Sorb roughing pumps. 
@ Varian water cooled titanium sublimation pump, 
8 O n e  500 l/s Vac Ion pump. 
The vacuum chamber has i t s  bottom pla te  fabricated 
w i t h  eight cup-shaped depressions to accommodate the magnets 
of each four-square t e s t  r i g  comprising one-half of the mag- 
ne t ic  dr ive.  The other half i s  mounted on separate motors 
assembled outside and d i rec t ly  under each t e s t  rig. The  man- 
ual mechanical rotary feedthrough i n  the center of the bottom 
pla te  i s  used t o  ro ta te  the master gear mechanism for  periodic 
wear measurements, 
3.1.3 Four Square T e s t  Riq 
A four-square gear tes te r  i s  a test  apparatus which 
allows a torque load t o  be applied t o  two sets of test  gears. 
The four-square tes t  r i g  designed and used on t h i s  program 
is  shown i n  Figure 5. The desired torque load was obtained 
by the amount of twist applied t o  the torque spring used to  
couple the two short shaf ts  together. These two short shaf ts  
were supported i n  the larger  bearing blocks which contain a 
double set of s i z e  R-4 precision ba l l  bearings, A set of 
55 teeth tes t  gears was mounted on these two,shafts, These 
gears were mated with a set of 56 tee th  t e s t  gears mounted 
on the main d r i v e  shaf t  supported i n  the small bearing blocks 
which contained single bearings. 
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Figure 5 Four-Square T e s t  Rig 
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The b e a r i n g s  used  i n  the four-square r i g  w e r e  New 
Hampshire SR4 PBll ball  bea r ings  wi th  r e t a i n e r s  of Salox 
"MIt material. These bea r ings  are d i scussed  i n  detai l  i n  
Sec t ion  3.4.3-2, The bea r ings  w e r e  axial ly  loaded as 
d i scussed  i n  appendix I under Vacuum G e a r  T e s t  A s s e m b l y  
Procedure. 
The o r i g i n a l  design called for  the main drive s h a f t  
t o  be coupled to  the shaft con ta in ing  the dr iven  magnet of 
the magnetic drive coupl ing by a f l e x i b l e  t o r s i o n a l  coup- 
l i n g  as i n d i c a t e d  i n  F igure  5. Rota t ion  of the f l e x i b l e  
t o r s i o n a l  coupl ing could  be used t o  i n d i c a t e  the torque  
r e q u i r e d  t o  d r i v e  the r i g ,  H o w e v e r ,  p re l iminary  tests 
i n d i c a t e d  the arrangement caused f r e t t i n g  corrosion of t h e  
shafts., Therefore, it w a s  replaced by a st iff  s p r i n g  
al lowing f o r  s l igh t  misalignment i n  the  assembly. 
Pre l iminary  tests also i n d i c a t e d  the bea r ing  blocks 
must be pinned i n  place t o  main ta in  a f ixed c e n t e r  d i s -  
tance,  By a c t u a l  vacuum tes t  it w a s  found t h a t  the c e n t e r  
d i s t a n c e  r equ i r ed  must be equal  t o  the sum of t h e  p i tch  
radi i  of t h e  mating t es t  gears, p l u s  t h e  t o t a l  composite 
error (0.0005 i n , )  p l u s  0.002 in .  T h i s  d i s t ance  i s  
0.001 i n .  greater than  recommended by A.G.M.A. f o r  q u a l i t y  
N o .  1 2  gears and w a s  necessary because of the thermal 
expansion w h i c h  occur red  i n  vacuum. 
3.1.4 M a s t e r  G e a r  Wrranqement fo r  G e a r  Wear 
Measurement i n  Vacuum 
The tes t  f a c i l i t y  also inco rpora t e s  the use  of a 
spring-loaded m a s t e r  gear* arrangement, T h i s  arrangement 
w a s  used t o  p e r i o d i c a l l y  monitor the w e a r  rate on t h e  tes t  
gears i n  vacuum, The m a s t e r  gear technique has been 
u t i l i z e d  by m o s t  gear manufacturers i n  determining t h e  
p r e c i s i o n  of gears. The arrangement basically c o n s i s t s  
of a spring-loaded u l t r a - p r e c i s i o n  master gear o r  a pre- 
c i s i o n  gear of known p r o f i l e  mating w i t h  a t e s t  gear, On 
revolv ing  the combination and precisely measuring t h e  
v a r i a t i o n s  i n  t h e  c e n t e r  d i s t a n c e  between the  master gear 
and the test gear accu ra t e  measurements of tooth-to-tooth 
composite tolerance** (referred to  hereafter as TCE 
*The so-called master gears used for  w e a r  measurement, as 
discussed la te r ,  are gears wi th  r e c t a n g u l a r  t e e t h .  
**Tooth-to-tooth composite to l e rance  i s  def ined  as t h e  
allowable v a r i a t i o n  i n  c e n t e r  d i s t a n c e  when a gear i s  
rotated ( i n  t i gh t  m e s h  w i th  a m a s t e r  gear) through any 
increment of 360°/N (N=number of t ee th  i n  gear under 
i n s p e c t i o n ) .  
10 
Figure 6 Master Gear Arrangement 
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?7 measurements) and to ta l  composite to l e rance*  can be made. 
A s  shown i n  F igure  6 t h e  master gear i s  mounted i n  a U-shaped 
bracket preci6ely s l i d i n g  and spring-loaded wi th in  another  
rotary bracket w h i c h  can be moved v e r t i c a l l y  and also 
revolved t o  b r i n g  the master gear i n t o  contact w i t h  any of 
the test gears. While mating w i t h  a s l o w l y  revolv ing  test 
gear, t h e  v a r i a t i o n s  i n  the c e n t e r  d i s t a n c e  are measured by 
a l i n e a r  v a r i a b l e  displacement t r ansduce r  (LVDT) w h i c h  senses  
t h e  movements of the U-shaped bracket support ing the  m a s t e r  
gear. The purpose of t h i s  arrangement i s ,  t h e r e f o r e ,  twofold: 
1) t o  make periodic TCE measurements, and 2) t o  determine t h e  
amount of w e a r  on t h e  t o o t h  p ro f i l e  by measuring changes i n  a 
r e fe rence  d i s t a n c e  between the m a s t e r  gear and t h e  test  gear, 
F igure  3 shows  the  master gear arrangement t o  accommodate 
periodic t e s t i n g o f a l l  t he  t e s t  gears wi th in  t h e  vacuum cham- 
ber. H e r e ,  the  i n d i v i d u a l  LVDT's  mounted on a r o t a r y  feed- 
through mechanism, % p r e c i s i o n  indexing arrangement i s  also 
provided on the m a s t e r  gear mechanism such t h a t  the master 
gear can be a c c u r a t e l y  indexed fo r  repeated tests a g a i n s t  
each tes t  gear. 
Although t h i s  method of monitoring gear w e a r  i n  the 
vacuum chamber appears  q u i t e  s t r a igh t fo rward ,  many problems 
and s o l u t i o n s  t o  each are d iscussed  i n  the fol lowing wri teup,  
1, I n  t h e  i n i t i a l  design,  t h e  use of u l t r a - p r e c i s i o n  
master gears of the same diametral pi tch as the tes t  gear w a s  
selected. However, t h i s  w a s  found s a t i s f a c t o r y  f o r  measuring 
w e a r  of up t o  on ly  one o r  two pe rcen t  OE the tes t  gear, 
because of i n t e r f e r e n c e  between the addendum por t ion  of t h e  
m a s t e r  gear teeth and dedendum p o r t i o n  of t h e  test gear when 
a large percentage of w e a r  occurred as  demonstrated i n  Fig- 
u r e  7 ( A ) .  Hence, t h e  m a s t e r  gear  teeth had t o  be modified t o  
overcome t h i s  problem. T h i s  w a s  achieved by g r ind ing  the 
addendum of t h e  m a s t e r  gear teeth down to  t h e  pitch l i n e  and 
reducing the sides of t h e  teeth t o  a r ec t angu la r  shape, as 
shown i n  Figure 7 ( c )  t o  remove f u r t h e r  i n t e r f e r e n c e .  
2 ,  The modi f ica t ion  of the master gear teeth described 
above r e s u l t e d  i n  a r ec t angu la r  tooth th ickness  equal  t o  the 
tooth th i ckness  (0.0327 i n . )  a t  the p i tch  r a d i u s ,  whereby 
dur ing  measurements t h e  r ec t angu la r  t oo th  makes contac t  w i t h  
the t e s t  gear a t  o r  b e l o w  i t s  p i t c h  r a d i u s ,  I n  other words, 
the changes i n  center d i s t a n c e s  w e r e  reflected on ly  by the  
amount of w e a r  on the dedendum p o r t i o n  of t h e  teeth on t h e  
*Total composite to l e rance  i s  def ined  as the allowable var ia -  
t i o n  i n  c e n t e r  d i s t a n c e  when a gear i s  rotated ( i n  t i g h t  mesh 
w i t h  a master g e a r )  one complete revolu t ion .  (This  i nc ludes  
the e f f e c t s  of v a r i a t i o n s  i n  a c t i v e  p ro f i l e ,  lead, pi tch,  
tooth thickness and run-out. 1 
12 
Master Gear 
'Test Gear 
, 
7a Interference between Addendum of Master 
Gear Teeth and Dedendum of Test Gear 
on Wear Measurement Apparatus 
r0.039" Diameter Pin 
7b Atmospheric Wear Measurement Technique 
Special Master Gear 
7c Mating of Modified (Rectangular) Master Gear Tooth 
of Measurement Apparatus with Test Gear 
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test  gear. Careful  s t u d i e s  of a c t u a l  wear p r o f i l e s  on 
seve ra l  g e a r s  revealed that this  approach w a s  n o t  accu ra t e  
enough f o r  i n t e r p r e t i n g  percentage wear a t  the pitch r a d i u s  
by measurements of changes i n  cen te r  d i s t a n c e s  because d i f -  
f e r e n t  gea r s  showed appreciably d i f f e r e n t  w e a r  rates b e l o w  
the p i t c h  r a d i u s ,  f o r  the s a m e  percentage w e a r  a t  the p i t c h  
radius .  T h i s  l e d  t o  fur ther  modif icat ion of the master gea r  
r equ i r ing  a l a r g e r  t o o t h  th ickness  (0,0375 in . )  so that  the 
a c t u a l  w e a r  rate could be i n t e r p r e t e d  w i t h  better accuracy 
for  measured changes i n  the cen te r  d i s tance .  
3 ,  One problem, encountered only  w i t h  the vacuum gear 
test  appara tus ,  w h i c h  s e r i o u s l y  a f f e c t e d  the w e a r  rate measure- 
ments w a s  the change i n  phys ica l  dimensions of var ious  sec- 
t i o n s  of the test  apparatus  due t o  thermal expansion during 
t e s t i n g ,  T h i s  problem, ana the necessary steps taken t o  
overcome it7 can be best explained by r e f e r r i n g  t o  Figures  8(a), 
8 ( b ) ,  and 8 (c ) ,  A l i n e  diagram of the t o p  view of the master 
gea r  mechanism is  shown i n  Figure 8 (a)  w h e r e  C i s  the f i x e d  
cen te r  of one of the test  g e a r s  and A i s  the f ixed  c e n t e r  of 
the test appara tus  around w h i c h  the faster gea r  is spring- 
loaded toward the c e n t e r ,  C of the tes t  gea r ;  the dimension 
AB i s  determined by t h e  amount of w e a r  on the teeth of the 
test  gear. The change i n  dimension AB i s ,  t h e r e f o r e ,  the 
measure of the amount of w e a r  on the test gear and is  indi -  
cated by the change i n  output  of the DC LVDT t ransducer ,  I n  
o t h e r  words, change i n  cen te r  d i s t a n c e  BC i s  measured ins tead  
of change i n  AB, T h i s  approach would work provided AC w a s  
always cons tan t ,  However, due t o  lack of convective heat 
t r a n s f e r  i n  the vacuum chamber, a Considerable amount of 
heat generated i s  t r a n s f e r r e d  t o  d i f f e r e n t  s e c t i o n s  f o r  the 
test appara tus  e s t a b l i s h i n g  thermal g r a d i e n t s  t h a t  cause 
unpredic tab le  t h e r m a l  expansion, Thermal expansion of the 
base plate of the apparatus  on which a l l  four-square test 
r igs  are mounted would r e f l e c t  a change i n  dimension AC and 
cause s e r i o u s  error i n  the w e a r  measurement, T h i s  problem 
w a s  detected by s e r i o u s  d r i f t s  i n  t ransducer  output  showing 
tha t  AB was changing even when the tes t  gear d i d  n o t  have 
any w e a r c  I n  o rde r  t o  compensate completely f o r  any change 
i n  phys ica l  dimensions due t o  temperature rise, a d i f f e r e n t  
method of measurement w a s  used ,  T h i s  method is  shown i n  
Figures  8(b) and 8 ( c ) ,  Here the m a s t e r  gea r  has, i n  a d d i t i o n  
t o  i t s  rec t angu la r  teeth, a p o r t i o n  of i t s  circumference 
without  any teeth. Figure 8(b)  shows the normal measurement 
as i n  Figure 8 (a )  w h e r e  the output  of the t ransducer  i n d i c a t e s  
AB. However, i n  Figure 8(c)  the t o o t h l e s s  p o r t i o n  of t h e  
master gea r  m a t e s  w i t h  the o u t s i d e  diameter of the tes t  gea r  
i nd ica t ed  by the t ransducer  as A ' B ' .  The important t h ing  t o  
no te  here i s  tha t  although AB and A ' B '  are s u b j e c t  t o  d r i f t s  
d u e  to  thermal expansion causing AC to d r i f t ,  the d i f f e r e n c e  
AB-A'B' a t  any t i m e  i s  independent of changes i n  AC, and is 
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only dependent on the amount of gear wear. This is based 
on the assumption that no wear occurs on the outside cir- 
cumference of the test gear. This approach was used on 
all tests conducted in vacuum environment, whereby instead 
of making just one measurement of AB, one additional measure- 
ment, A'B', is made for every test gear. The difference 
AR-A'B' was used as an indication of the amount of wear. 
The equilibrium temperature of several components in 
the vacuum test rigs was measured using a contact thermo- 
couple. These measurements indicated body gear temperatures 
of approximately 180°F and upper bearing block temperatures 
of 145OF. However, these temperatures are only approximate 
because of the influence of contact pressure on the actual 
reading, Calculation of the gear temperature increase based 
on the measured change in gear dimensions indicated the gears 
were closer to 275OF. The location of bearing blocks with 
respect to the gears is shown in Figure 1-4 of Appendix I. 
A complete description of the gear wear measurement 
technique is included in Appendix 11, entitled "Wear Measure- 
ment for Vacuum Tests. '' 
3.1-5 Gear Wear Measurement on Laboratory Environment Riq 
Periodic wear measurements were made of test gears in 
the laboratory test rig as shown in Figure 7(b). 
diam pin arrangement was fabricated for quick measurement of 
wear by a simp1.e over-pin measurement with a micrometer. A 
calibration curve was generated by plotting over-pin measure- 
ments for a number of worn gears against the actual percentage 
wear occurring at the pitch diameter as determined with the 
toolmaker's microscope technique. This technique is described 
in Section 3,1e6, In this manner it was found that a decrease 
in the over-pin measurement of 0.012 in. was equivalent to 
approximately 10 percent wear at the pitch line of the gear. 
This value is not rigidly fixed in magnitude, since it is a 
function of the wear profile of the gear being measured, 
An 0.039-in.- 
3-1.6 'inal Gear Wear Measurement with Toolmaker's Microscope 
The final determination of the percentage wear which had 
occurred during the gear wear tests was made with a toolmaker's 
microscope after the gears had been removed from the test rigs. 
This was accomplished with a microscope with a micrometer 
table movement having an accuracy of OeOOO1 in., in two per- 
pendicular directions, 
these measurements was better than 2 0,0002 which is equiva- 
lent to 2 0.6 percent wear at the pitch radius. 
The accuracy or repeatability of 
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The s e l e c t i o n  of a t e n  pe rcen t  (0.0032 i n , )  decrease  
i n  the th i ckness  of the tes t  g e a r  a t  the pitch r a d i u s  as an 
i n d i c a t i o n  of t e n  pe rcen t  reduct ion  i n  t o o t h  p r o f i l e  w a s  
made a f t e r  some of the pre l iminary  r e s u l t s  from the i n i t i a l  
wear tests w e r e  a v a i l a b l e  f o r  c o r r e l a t i o n  checks. These 
r e s u l t s  showed that t e n  pe rcen t  reduct ion  i n  t o o t h  p r o f i l e  
cannot always be a c c u r a t e l y  p r e d i c t e d ,  except  by a c t u a l l y  
measuring the t o o t h  p r o f i l e  a f t e r  the test  i s  completed, The 
primary reason f o r  such v a r i a t i o n  is caused by v a r i a t i o n  i n  
the w e a r  p r o f i l e  from test  g e a r  t o  test  gear ,  
3.2 GEAR MATERIALS AND SPECTFICATIONS 
3.2.1 G e a r  Materials 
A t o t a l  of e i g h t  d i f f e r e n t  g e a r  materials have been 
evaluated dur ing  the program, 
l i s t  of materials evaluated: 
The fol lowing i s  a complete 
I 
I1 
I11 
I V  
V 
V I  
V I 1  
V I 1 1  
Carburized (21020 Steel - C a s e  D e p t h  (0,00211 - 0.003") 
Ni t r ided  N i t r a l l o y  135 Mod. Steel - C a s e  D e p t h  (0.002" - 
0,003" ) 
Beryllium Copper Alloy 25 H e a t  Treated t o  Rc41-44 
7075 Aluminum D e e p  Anodized (Martin Hard Coated) - 
C a s e  Depth (0.0021' - 0.003") 
440C S ta in l e s s  Steel H e a t  Treated t o  Rc55-60 
Phosphor Bronze - 15% MoS2 Matrix Mater ia l  
(21085 ( H e a t  Treated t o  Rc50) S i l v e r  P la t ed  0.0001" 
w i t h  0.0001" of E3C Molykote F i l m  (MoS2 F i l m  - 
Alpha Molykote Corp. ) 
7075 Aluminum Alloy Light  Anodized 
Material I11 w a s  o r i g i n a l l y  s p e c i f i e d  as  S in t e red  
Aluminum Powder ( S A P ) .  However, due t o  the u n a v a i l a b i l i t y  
of a s i n t e r e d  aluminum powder gea r  material w i t h  the d e s i r e d  
oxide con ten t ,  t h i s  material w a s  replaced by bery l l ium copper - 
al.I.oy 25. T h i s  i s  another  nonmagnetic material and w a s  heat 
t r e a t e d  t o  Rc41-44, 
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3.2.2 G e a r  S p e c i f i c a t i o n s  
all test gears w e r e  manufactured as per  the f o l l o w i n g  
s p e c i f i c a t i o n s  def ined  by AGMA fo r  20-degree p re s su re  angle  
f i n e  pi tch gears of i nvo lu te  tooth geometry: 
D i a m e t r a l  P i t c h  48 
Pressure  Angle 20 degree 
AGMA C l a s s i f i c a t i o n  No.  1 2  q u a l i t y  
Tooth-To-Too t h  Composite 
Tolerance 0.0003 in .  
Total Composite Tolerance 0.0005 i n .  
Backlash 
No.  of Teeth 
Face Width 
P i t c h  D i a m e t e r  
Designat ion I'D" (backlash per 
m e s h  of 0.0003 i n  to Om001 in . )  
55 56 
0,187 in.fO.005 0.125 in.f0.005 
1.1458+0.0000 1.1667+0.0000 
-0 , 0007 -0.0007 
3.2.3 Material Procurement and G e a r  Fab r i ca t ion  
Review of p r e s e n t  manufacturing procedures f o r  pre- 
c i s i o n  gears, AGMA No. 1 2  q u a l i t y ,  of t h e  materials O r i g i -  
n a l l y  s p e c i f i e d ,  i n d i c a t e d  t h a t  gears of a l l  materials except 
those  of Material V I  (Phosphor Bronze-15% MoS2 Matrix Material) 
arid Material I11 ( S A P )  would def in i t . e ly  r e q u i r e  f i n i s h  grind- 
i n g  a f t e r  heat t rea tment  and/or su r face  t reatments .  This  re- 
q u i r e d  a review of va r ious  gear manufacturers t o  determine t h e  
a v a i l a b i l i t y  of f a c i l i t i e s  f o r  p r e c i s i o n  f i n i s h  gr inding.  
Only t h r e e  companies w e r e  located which had such faci l i t ies ;  
these w e r e  : 
1, A e r o  G e a r  Machine and Tool Corporation 
L i t t l e  Fe r ry ,  New J e r s e y  
2. R i l ey  G e a r  Corporation 
North Tonawanda, New Y o r k  
3. Equ i t ab le  Engineering Company 
I k t r o i t ,  Michigan 
A l l  gear materials o r i g i n a l l y  selected f o r  gear f a b r i -  
c a t i o n  were r e a d i l y  a v a i l a b l e ,  except  f o r  Materials I11 and 
V I  which w e r e  s i n t e r e d  aluminum powder and phosphor bronze 
(15% MOOS Matrix M a t e T i a l ) .  Therefore ,  a l l  gears except those 
of the  agave materials w e r e  f a b r i c a t e d  according to  the desired 
s p e c i f i c a t i o n s  by A e r o  G e a r  Machine and Tool Corporation. Some 
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difficulty was encountered initially in obtaining a uniform 
case depth on the tooth profile on the Martin Hard Coated 7075 
aluminum alloy qears.. 
A survey of leading manufacturers of powdered metals 
indicated that neither sintered aluminum powder or phosphor 
bronze with 15% MoS2 Matrix was commercially available. 
Manufacturing of either material was found to be a state-of- 
the-art development and as such only a relatively few re- 
search organizations were familar with the required processes. 
Therefore, these organizations were requested to submit sam- 
ples of Material I11 (SAP) and Material VI (Phosphor Bronze - 
15% MoS2 Matrix Material) to IITRI for evaluation. 
Evaluation of the SAP samples indicated they were very 
close to the desired theoretical density, but lacked suffi- 
cient aluminum oxide content. Therefore, as discussed 
previously this material was replaced by beryllium copper - 
alloy 25 - heat treated to Rc41-44, 
Evaluation of the phosphor bronze - 15% MoS2 matrix 
material samples supplied by SKC Research Associates produced 
the following results, Based on the assumption that phosphor 
bronze used in the samples contained 8% tin and 15% MoS2 by 
weight, the theoretical density should be approximately 7.82 
grams/cc. However, the actual density measured was only 5.7 
grams/cc for one sample and 6.1 grams/cc for another, This 
means the specimens were approximately 75.5% dense, 
Chemical analysis of these specimens showed the molyb- 
denum content; was approximately 6,90% by weight, The theore- 
tical molybdenum content assuming 15% MoS2 in the specimen 
would be 11,2%, Therefore, this means the specimens were 
impregnated to only 9.25% MoS2. 
The modulus of rupture was also evaluated on the basis 
of bond strength measurements. The specimen with a density 
of 5.7 grams/cc had a modulus of rupture of 7,260 psi, where- 
as the specimen with a density of 6-1 grams/cc had a modulus 
of rupture of 11,538 psi. These figures indicated that much 
higher strength could be achieved by increasing the density 
of the specimen, Although a commercial material is not avail- 
able for comparison, sintered bronze bearing materials have 
been fabricated with a modulus of rupture of from 25,000 psi 
to 35,000 psi when the density approaches theoretical density. 
Attempts to increase the density and MoS2 content of 
the sintered phosphor bronze - MoS2 matrix material speci- 
mens caused a high degree of lamination in the material, due 
to the high percentage of MoS2. Samples containing such 
laminations were not acceptable for fabrication of gears. 
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Therefore ,  the specimens f r o m  w h i c h  the gears w e r e  f a b r i c a t e d  
w e r e  produced by the s a m e  process as the i n i t i a l  specimens, 
l’hese discs w e r e  prepared under the following condi t ions:  
Compacting Pressure  30 t s i  
S i n t e r i n g  Conditions 15OOOF f o r  4 hour a t  
temperature i n  d i s -  
a s soc ia t ed  ammonia 
Green Density 6.85 - 6-90 grams/cc 
S in t e red  Density 5-75 - 5,80 grams/cc 
Figure 9 (magnif icat ion x 100) shows a micros t ruc ture  
of one of the samples, The specimen w a s  diamond pol ished 
and unetched, The poros i ty  of the material can be e a s i l y  
seen i n  the s t r u c t u r e ,  The grey  areas i n d i c a t e  pores or  
places w h e r e  MoS2 w a s  pu l l ed  o u t  during the pol i sh ing  process, 
N o  a t tempt  w a s  made t o  e s t i m a t e  the MoS2 content  f r o m  the 
micros t ruc ture  study; however, the micros t ruc ture  shows a 
f a i r l y  good d i s t r i b u t i o n  of MoS2. 
3 . 3  TEST OUTLINE 
The  test  program w a s  arranged t o  f ac i l i t a t e  the run- 
ning of each tes t  g e a r  a g a i n s t  another  test gear of a d i f -  
f e r e n t  material. Thus fou r t een  d i f f e r e n t  material combina- 
t i o n s  w e r e  evaluated. One run was made i n  atmospheric 
environment w i t h  each combination, and three runs  w e r e  made 
i n  vacuum. F i f t y - s i x  such  ind iv idua l  tests w e r e  conducted 
using the four-square gea r  testers described previously.  
During these tests 224 gears w e r e  evaluated,  
The s t u d i e s  conducted i n  vacuum w e r e  carried o u t  i n  an 
ion  pum ed vacuum environment a t  a pressure of less than 
5 X 10- to r r  a t  a speed of 1800 r p m  under 20 oz-in, torque 
load ,  w h i l e  the l abora to ry  tests w e r e  conducted a t  the s a m e  
to rque  load and speed. 
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P r i o r  t o  i n i t i a t i o n  of the tests a series of t ransducer  
measurements w a s  m a d e  on each tes t  using the procedure 
descr ibed i n  Appendix 11, These i n i t i a l  measurements w e r e  
used i n  conjunct ion w i t h  p e r i o d i c  readings taken during the 
test period t o  o b t a i n a  h i s t o r y  of the gear w e a r  process  u n t i l  
g r e a t e r  than  10 percent  w e a r  occurred a t  the pitch l i n e  of the 
test  gear, A l s o  p r i o r  t o  i n s t a l l a t i o n  of the new s i z e  R-4 
bear ings  i n  the four-square gea r  testers used f o r  the vacuum 
tests, the bear ings  w e r e  run f o r  short per iods  of t i m e  i n  
a i r  t o  provide a small amount of l u b r i c a t i o n  t o  the b a l l s  
and races of the bearing. 
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* 
Figure 9 Microstructure  of Phosphor Bronze 
15% MoS2 Matrix 
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During the t e s t  per iod  the armature cu r ren t  of the DC 
d r i v e  motor was monitored on a mul t ipo in t  recorder ,  every 15 
minutes.  Since the armature c u r r e n t  of the permanent magnet 
DC motors i s  d i r e c t l y  propor t iona l  t o  the torque output  of 
the motors,  this monitoring provides a continuous record of 
to rque  inpu t  t o  the test  rigs.  
The following l i s t  s h o w s  the 14  combinations of 
m a t e r i a l s  eva lua ted  during the program i n  both  atmospheric 
and vacuum environments: 
Mater ia l  versus  Mater ia l  
Carburized C1020 
Ni t r ided  N i t r a l l o y  
Ni t r ided  N i t r a l l o y  
Ni t r ided  N i t r a l l o y  
Ni t r ided  N i t r a l l o y  
Ni t r ided  N i t r a l l o y  
Beryll ium Copper 
Beryll ium Copper 
Beryll ium Copper 
Martin Hard Coated 
Martin Hard Coated 
Martin Hard Coated 
440C-Stainless Steel  
440C-Stainless Steel 
Aluminum 
Aluminum 
Aluminum 
Ni t r ided  N i t r a l l o y  
Beryll ium Copper 
Martin H a r d  Coated Aluminum 
440C-Stainless S t e e l  
Phosphor Bronze- 15% MoS 2 
C1085 S i l v e r  P la t ed  and MoS2 
Martin Hard Coated Aluminum 
Phosphor Bronze-15% MoS2 
Light Anodized Aluminum 
Phosphor Bronze-15% MoS2 
(21085 S i l v e r  P la t ed  and MoS2 
Light  Anodized Aluminum 
Phosphor Bronze-15% MoS2 
C1085 S i l v e r  P la t ed  and MoS2 
These tests w e r e  terminated a f t e r  a t o t a l  running t i m e  
of 720 hours had accumulated on the tes t  gears  or when t h e  
wear process had reduced t h e  gear  p r o f i l e  by 10 percent .  
3.4 €WSULTS 
A d e t a i l e d  breakdown of a l l  the r e s u l t s  obtained from 
t h e  68 ind iv idua l  tests conducted during the program a r e  
t abu la t ed  i n  Table 1. Included i n  t h i s  t a b l e  a r e  t h e  re- 
s u l t s  from 1 2  prel iminary tests conducted t o  determine the 
proper torque load f o r  the test  program and t o  e l imina te  
any d e f i c i e n c i e s  i n  the t e s t  apparatus which became apparent 
dur ing  the f i r s t  series of t e s t e .  The  r e s u l t s  from both t h e  
l abora to ry  environment t e s t F  and vacuum environment tests 
a r e  a l s o  d e t a i l e d  f o r  each gea r  tested i n  Table 1. Figures 
10 through 2 1  a r e  photographs of gears  from tests w h i c h  a r e  
r e p r e s e n t a t i v e  of each ma te r i a l  combination te,cted i n  t h e  
program. FigureF 2 2  and 23 show torque input  t o  t h e  t es t  
r igs  as  a func t ion  of running t i m e  f o r  test? 1 and 20. 
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3.4.1 Vacuum T e s t s  
A s  mentioned above, a d e t a i l e d  t a b u l a t i o n  of a l l  t h e  
r e s u l t s  from a l l  tests conducted i n  vacuum is  made i n  Table 1 
w h i c h  l i s t s  the percentage w e a r  w h i c h  accumulated on each 
ind iv idua l  test  gear during the program. No a t tempt  i s  made 
i n  Table 1 t o  rate the gears on the basis of w e a r .  A summary 
of the gear w e a r  r e s u l t s  i n  vacuum i n  terms of the to ta l  w e a r  
on each material combination is tabula ted  i n  Table 2. The 
combinations are ranked i n  the table on the basis of the per- 
centage w e a r  w h i c h  occurred a t  the pitch r a d i u s  during 720 
hours of ope ra t ion  o r  on the l e n g t h  of accumulated running 
t i m e  be fo re  the percentage w e a r  exceeded t e n  percent ,  
The c r i t e r i o n  of a c c e p t a b i l i t y  was e s t ab l i shed  a s  720 
hours  of ope ra t ion  w i t h  less than t e n  percent  w e a r ,  Thus as 
ind ica t ed  i n  Table 2 only three combinations of materials 
completed the test, These combinations, n i t r i d e d  N i t r a l l o y  
versus  Martin H a r d  Coated 7075 aluminum; Martin Coated 7075 
aluminum versus  C-1085 heat treated to  Rc50-silver p l a t e d  
0,0001 in.  w i t h  0.0001 in.  of E3C Molykote F i l m ,  and n i t r i d e d  
N i t r a l l o y  versus  440C s t a i n l e s s  Rc55-60, a l l  exhib i ted  excel- 
l e n t  w e a r  p r o p e r t i e s  i n  vacuum. The o t h e r  ma te r i a l  combina- 
t i o n s  f a i l e d  t o  run 720 hours  before  accumulating t e n  percent  
w e a r .  The phosphor bronze gears as noted i n  Table 2 f a i l e d  
prematurely by too th  breakage. Most of the beryl l ium copper 
g e a r s  showed evidence of plast ic  flow, m a t e r i a l  t r a n s f e r ,  and 
high w e a r  rates. 
Figures  24 ,  25, and 26 show the approximate percentage 
w e a r  as a func t ion  of running t i m e  f o r  the three material 
combinations w h i c h  w e r e  found t o  be acceptable i n  the vacuum 
tests. A s  noted the percentage w e a r  i s  ind ica ted  as  approxi- 
m a t e ,  s i n c e  it i s  a p l o t  of w e a r  as  measured w i t h  the t rans-  
ducer. These values  obtained w i t h  the t ransducers  are strong- 
l y  inf luenced by the shape of the w e a r  p r o f i l e  which v a r i e s  
from gear t o  gear, the percentages shown i n  these f i g u r e s  
do no t  agree  exac t ly  w i t h  those presented i n  Table 2 w h i c h  
w e r e  measured w i t h  the tool m a k e r s  microscope. 
These curves i n d i c a t e  m o s t  of the w e a r  which occurred 
on the three combinations of gear materials occurred during 
the f i r s t  one hundred hours and then remained r e l a t i v e l y  
constant ,  
3.4.2 Laboratory Environment T e s t  
A detailed t abu la t ion  of the r e s u l t s  obtained from 
the gea r  tests i n  the l abora to ry  i s  presented i n  Table 1, 
Table 3 p re sen t s  a summary of the r e s u l t s  and a ranking 
49 
Table 2 
SUMNARY OF GEAR WERR IN VACUUM 
I Length of Test Maximum Material Wear Wearing (%I Most No. T e s t  Material Combination (hours) 
I1 vs. IV 7 20 1 5  2.2 Same 
7 20 17 2.5 Same 
IV vs. VI1 7 20 27 2.0 S a m e  
7 20 28  4.0 IV 
7 20 26 2.0 Same 
I1 vs. v 7 20 1 3  3.0 Same 
7 20 i a  3.5 Same 
7 20 20 3.1 Same 
I1 vs. VI1 7 20 37 5.8 Same 
7 20 38 7.0 I1 
39 3 36 10.0 Same 
v vs. VI1 7 20 30 10.0 Same 
4 60 35 9.0 VI1 
262 29 12.0 VI1 
I vs. I1 7 20 1 6  3.5 I1 
133 39 3.5 I 
VI11 vs. I11 314 58 8.6 VI11 
301 59 11.4 VI11 
331 60 7.4 VI11 
IV vs. VI11 167 23 8.0 VI11 
167 24 9.0 VI11 
594 25 12.0 Same 
IV vs. 111 133 48 12.2 IV 
137 49 11.3 IV 
3 37 50 6.1 IV 
9. 7 20 2 5  Same 
--- Teeth sheared IV vs. VI 29 61 
26 62 --- off material 
17.5 63 --- VI 
v vs. VI 29 64 
29 67 
--- Teeth sheared --- off material 
6 68 --- VI 
4 47 --- off material 
I1 vs. VI 7.2 46 --- Teeth sheared 
119 45 10.0 VI 
--- Terminated due --- t o  increased I1 vs. I11 1.5 40 24 41 
24 42 --- to rque  
VI vs. I11 3.5 5 1  --- Shear teeth off 
50 Torque too h igh  
1.5 52 --- material VI 
1 57 --- Terminated 
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Table 3 
SUMMARY OF GEAR W E A R  IN ATMOSPHERE 
Length of Test Max imum Material 
T e s t  Wear Wearing 
(%I M o s t  No . (hours) Combination 
I1 vs. v 
I1 vs. VI 
I1 VS, 1 
v vs, VI 
IV vs. VI 
v vs. VI1 
I1 vs. VI1 
VI VS. I11 
IV vs. VI1 
I1 vs. IV 
I1 vs. I11 
IV vs. I11 
I11 VS, VI11 
IV VS, VI11 
7 20 
7 20 
502 
502 
307 
120 
120 
61 
21 
21 
8.7 
8.3 
5.5 
4 
32 
53 
43 
65 
66 
31 
33 
55 
22 
34 
44 
54 
56 
21 
6.4 
2.0 
11,o 
11,o 
9.0 
17.0 
11.0 
14 
100 
19 
15.9 
19.0 
16.5 
V 
Same 
I1 
VI 
VI 
VI1 
VI1 
Teeth shearec 
off G e a r  VI 
IV 
IV 
I11 
I11 
VI11 
VI11 
5 4  
of the various combinations of gear materials tested in the 
laboratory. This summary indicates that only two of the 
material combinations tested ran for 720 hours with less 
than ten percent wear. The other twelve material combina- 
tions exceeded ten percent wear before 720 hours of run- 
ning time had accumulated. The two material combinations 
which were found to be acceptable are nitrided Nitralloy 
versus 440C stainless steel and nitrided Nitralloy versus 
phosphor bronze with a 15% MoS2 - matrix. 
noted that only the nitrided Nitralloy versus 440C stain- 
less steel combination completed the tests in both vacuum 
and laboratory environments, 
It should be 
These results indicate the beryllium copper and light 
anodized 7075 aluminum gears ran very poorly in these 
tests as they did in the vacuum tests, 
Another interesting result is that phosphor bronze - 
15% Nos2 matrix gears ran much better in laboratory atmos- 
phere than in vacuum, However, the Martin Hard Coated 
gears did not run nearly as well in laboratory environments 
as in vacuum. 
3.4.3 Apparatus Reliability 
The length of test period (720 hours) used as the 
criteria for evaluating the test materials during the 
program provided an excellent opportunity to evaluate the 
reliability of many components in a vacuum environment. 
Some of the observations made during the study are listed 
in this section, 
3.4.4.1Motors 
The 24 volt D O C .  motors used to drive the four-square 
test rigs were used for approximately 2500 hours without 
any problem. 
hours, the motors were returned to the manufacturer for 
replacement of the brushes and commutators, 
At the end of this accumulated usage of 2500 
3.4.3.2 SR4 Salox M Bearinqs 
Very good wear characteristics were obtained with the 
SR4. precision quality bearings using Salox M retainers, 
tially, some doubt was expressed as to the feasibility of 
using such bearings for 720 hours in a vacuum environment. 
However, it was found that these bearings in some cases not 
only could be used for 720 hours, but after several 720 hour 
tests, they were found to be in very good condition, After 
720 hours, these particular bearings were then reused for 
subsequent tests of 720 hours duration. 
Ini- 
At the end of the 
55  
accumulated 1440 hours of usage, these bearings were found 
to have failed in a manner very similar to several other 
bearings which were unusuable after only 720 hours of usage. 
Figures 22 and 23 contain torque versus running time data. 
A definite relationship was found between the amount 
of wear which occurred on the test gears and the damage sus- 
tained by the bearings. After the bearings were used for 
720 hours they were cleaned by blowing air through the bear- 
ing while allowing it to rotate. This procedure apparently 
removes loose wear particles from the bearings and in cases 
where the bearing movement had not degraded significantly, 
the bearings were reused. The condition of the bearings was 
usually found to be quite good where only a few percent 
wear had occurred on the test gears. This relation to gear 
wear appears to occur even though the bearings had dust 
shields. 
It should be noted that these dust shields have 
clearances of 0,001 in. - 0,002 in, and, therefore, small 
wear particles can find their way into the races, For this 
reason, it may be beneficial to use bearings which have a 
teflon seal to prevent this problem. 
The type of failure which occurred in the bearings 
was a combination of surface fatigue, abrasive, and adhesive 
wear which resulted in pitting of the races and balls, This 
type of wear, particularly in vacuum, results when inadequate 
lubrication is present and thus metal to metal contact pre- 
dominates, The lack of or the small amount of lubrication 
is evidenced by the slightly worn condition of the Salox M 
retainers. In addition, many of the used balls have a 
characteristic bronze color which indicates adhesion in the 
absence of sufficient lubrication, 
3.5 TECHNICAL DISCUSSION 
This section will be limited to a discussion of the 
modes of gear surface deterioration which predominated with 
each combination of gear materials. These modes and the 
variation in modes with different material combinations can 
be interpreted by examining the physical characteristics of 
the materials and the test environment simultaneously. 
As might be expected the modes of surface deterioration 
can be grouped as follows: 
1. Wear 
2. Surface fatigue 
3. Plastic Flow, and 
4. Tooth breakage. 
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A brief discussion of each of these modes of surface 
degeneration will be made prior to attempting to interpret 
the results of each material combination tested. Since,we 
are interested in determining the feasibility of using 
various gear material combinations for periods of 720 hours 
without failure (longer, if possible), the deterioration 
of the surfaces by wear and possibly surface fatigue are of 
prime importance. The reason wear is of importance is it 
cannot be completely avoided, but it should be reduced to 
aminimum. The other modes of deterioration must be avoid- 
ed, since if they occur the gear will fail as a result. 
3.5.1 Wear 
Wear is a phenomenon which is characterized primarily 
by the deterioration of material surfaces when exposed to 
mechanical and/or chemical environments. The deterioration 
can be manifested by loss  of material and a change in the 
characteristics of the surfaces in contact in such a manner 
that performance is degraded. In more severe cases, the 
deterioration leads to scoring or scuffing of the contacting 
surfaces. A detailed discussion of this phenomenon as well 
as descriptions of existing theories are presented in Appen- 
dix 111. 
3.5.2 Surface Fatique 
Areas near the points of contact of rolling spherical 
or cylindrical surfaces are subject to Hertz stress concen- 
trations and cyclic contact can therefore lead to high values 
of local cyclic stress. This leads to a fatigue failure 
resulting in the removal of a relatively large chip or in 
spalling or pitting of the surface. This type of wear 
failure is rather castastrophic and generally causes a 
part to become inoperable quite suddenly. 
of the contact stress and the number of cydles to failure 
are related in this kind of fatigue in very much the same 
way as stresses and cycles in a traditional 'IS-N curve." 
The exact character of the maximum stress depends not only 
upon the normal load but also the properties and dimensions 
of the rolling surfaces and upon the ratio of rolling to 
sliding of the surfaces. The nature of any added lubricant 
also influence the nature of any added lubricant also in- 
fluence the nature of the contact stress and in turn the 
S-N relationship. 
The magnitude 
3.5.3 Plastic Flow 
Plastic flow is a phenomenon which occurs on gear 
surfaces as a result of high stresses. 
failure is normally indicated by finned material overhang- 
ing the tips of the teeth. 
predominate with soft and medium hard materials which have 
This type of gear 
Failure of this type is more 
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relatively low yield strengths. To eliminate plastic flow 
the load must be reduced, if possible, or the load carry- 
ing capacity of the gear must be increased, 
3.5.4 Tooth Breakaqe 
or common fatigue which results in breaking off either of 
a complete tooth or a portion thereof. 
3 . 6  DISCUSSION OF TEST RESULTS 
Tooth breakage is a failure caused by overload, shock, 
The test results generated on this program are not 
intended to provide solutions to the wide variety of problems 
associated with the prediction of wear in vacuum, however, 
they do provide guidelines for the selection of material 
combinations for use in vacuum. In this respect these re- 
sults are most significant when viewed and interpreted as 
a series of screening tests for a wide variety of materials, 
'Thus, it should be remembered that the level of contact 
stress impased on the materials tested will have a much more 
market influence on the rate of wear of some material com- 
binations than on others, These differences result from 
the variation of fatigue characteristics of the individual 
materials as well as the wear resistance of the materials 
as pairs, 
The contact stress, in these tests,was approximately 
60,000 psi which is far below the fatigue strength of the 
harder materials, but is very near the limiting stress for 
a material such as phosphor bronze with a 15% MoS2 matrix, 
3.6.1 Nitrided Nitralloy versus 440C Stainless Steel 
This combination of gear materials ran very well in 
both laboratory and vacuum environments. 
tests the primary mode of surface degradation was by wear. 
The fact that these t w o  materials ran well can be attributed 
to the relatively high hardness of each material and the 
presence of the wear resistant nitride matrix and the car- 
bide complex at the surfaces. 'file nitrided Nitralloy sur- 
face hardness approaches 1200 knoop which is attributed 
to the state of fine dispersion of the nitride particles 
in the matrix rather than the inherent hardness of large 
nitride grains. 
ness of approximately 700 knoop plus a structure containing 
chromium carbides and intermediate carbon martensite. 
In both series of 
The 440C stainless steel gear had a hard- 
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This combination of materials may be usable f o r  
extended pe r iods  of t i m e ,  s i n c e  the n i t r i d e d  N i t r a l l o y  g e a r s  
are s l i g h t l y  harder  than t h e  s t a i n l e s s  gears and thus  should 
w e a r  a t  a slower rate. Since the s t a i n l e s s  steel gears are 
completely hardened the rate of w e a r  w i l l  no t  c a u s e  these 
g e a r s  t o  f a i l  a f t e r  a few thousandths w e a r  has occurred. 
However, t h e  l i f e  of such a combination could probably be 
extended by using a deeper n i t r i d e d  case, s i n c e  this  would 
a l l o w  a d d i t i o n a l  w e a r  a t  o r  near  the m a x i m u m  hardness of the 
n i t r i d e  case, W i t h  only 0.002 t o  0,003 n i t r i d e d  case the 
s tar t  of the t r a n s i t i o n  to  the n i t r a l l o y  substrate hardness  
w i l l  occur very close t o  the sur face ,  O p t i m u m  wear charac- 
teristics could probably be obtained by using a case depth 
of 0,007 t o  0,010 inch and gr inding  o f f  the br i t t le  w h i t e  
layer f r o m  the n i t r i d e d  su r face ,  s i n c e  this l a y e r  normally 
breaks o f f  very  r a p i d l y  and func t ions  as an abras ive ,  
3.6.2 Ni t r ided  Nitralloy ve r sus  Carburized 1018 
This combination of gea r  materials d id  n o t  success- 
f u l l y  complete a l l  tests i n  either vacuum or  l abora to ry  
environment. The i n i t i a l  m o d e  of f a i l u r e  i n  a l l  cases 
appears t o  have been excess  wear, I n  test #16, w h e r e  t h i s  
combination success fu l ly  completed the 720 hour test ,  both 
gear materials w o r e  approximately the s a m e  amount. However, 
i n  a l l  other tests the w e a r  occurred m o r e  r ap id ly  on the 
1018-carburized gears .  
some evidence of plast ic  f l o w  on the 1018 carburized gea r  
occurred. 
I n  the f a r  advanced stages of w e a r  
The r e s u l t s  of the test wi th  t h i s  combination i n d i c a t e  
the use fu l  l i f e  of gears m a d e  from this  combination of 
materials could be extended by increas ing  the depth of both 
the carburized and n i t r i d e d  cases. 
This would s e e m  t o  be ve ry  desirable i n  the carburized 
g e a r s ,  s i n c e  the s u b s t r a t e  material i s  very sof t  and n o t  
capable of supporting the load ,  after only a very s m a l l  per- 
centage of w e a r  has occurred, 
f a t i g u e  and case crushing w a s  p re sen t  on the carburized test  
gears  a f t e r  4 percent  w e a r  had occurred. 
3.6.3 Nit r ided  Ni t r a l loy  versus  C-1085 (Heat Treated t o  Rc50 
Evidence of both su r face  
S i l v e r  P la t ed  0.0001 inch  w i t h  0.0001 inch of E3c 
The r e s u l t s  from th i s  material combination provide 
some s i g n i f i c a n t  information about the opera t ing  parameters 
during these tests, 
hours  and the third set  r a n  393 hours,  however, the set 
Two of the three vacuum tests r an  720 
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a 
tested i n  the atmosphere r a n  only  120 hours. 
tests the C-1085 gears showed evidence of plastic f l o w .  
These gears w e r e  heat treated t o  Rc50 prior to  being p l a t ed ,  
heat t r e a t e d  t o  Rc50 as a func t ion  of temperature w a s  no t  
a v a i l a b l e  i n  the l i t e r a t u r e ,  
of t e n s i l e  s t r e n g t h  as  a func t ion  of t empera tu re  fo r  C-1030 
h e a t  t r e a t e d  to  approximately Rc33 should be q u i t e  s i m i l a r  
t o  C-1090 are probably l o w e r ,  
y i e l d  s t r e n g t h s  i n d i c a t e s  the temperature of the asperities 
on the w e a r  su r f ace  probably exceeded 800°F before they would 
f l o w  p l a s t i c a l l y  a t  a con tac t  stress of 60,000 psi, Examina- 
t i o n  of the mating n i t r i d e d  gears tested i n  vacuum ind ica t ed  
the s i l v e r  plate and MoS2 had coated the n i t r i d e d  w e a r  sur-  
face and should have reduced the s l i d i n g  f r i c t i o n  during 
operat ion.  However, i n  a i r  the MoS2 would be much less 
e f f e c t i v e ,  because of ox ida t ion  a t  the e leva ted  opera t ing  
temperature, 
t i o n  of the combination i n  vacuum, 
I n  a l l  these 
Unfortunately the t e n s i l e  s t r e n g t h  of C-1085 steel 
However, published ( 8 ? 9 )  values  
I n t e r p o l a t i o n  of these published va lues  of t e n s i l e  and 
This may account for  apparent ly  better opera- 
'I'he n i t r i d e d  case showed evidence of  b r i n n e l l i n g  and 
su r face  f a t i g u e  and subsequent material t r a n s f e r  after approxi- 
mately 8 pe rcen t  w e a r  had occurred, This tends t o  substan- 
t i a t e  the need for  a deeper n i t r i d e d  case, 
3.6.4 S t a i n l e s s  Steel 440C versus  C-1085 ( H e a t  Treated t o  
S i l v e r  P la t ed  0.0001 w i t h  0.0001 inch  of E3C Molykote 
F i l m )  
This combination of material d i d  n o t  complete the 720 
hour test  i n  either vacuum o r  l abora to ry ,  p r imar i ly  because 
of plast ic  f l o w  on the su r face  of a l l  the C-1085 gears, 
The C-1085 gears a l s o  showed a l a r g e  amount of cold 
working and b r inne l l i ng .  I n  a d d i t i o n ,  a s m a l l  amount of 
material t r a n s f e r  between this  combination was ev ident  w h i c h  
should however be expected a f t e r  plastic flow had been i n i t i -  
ated on the C-1085 gears, 
3.6.5 Martin Hard Coated 7075 Aluminum versus  Ni t r ided  
Ni t ra l loy  
T h i s  combination provides  some very i n t e r e s t i n g  
r e s u l t s ,  The combination success fu l ly  completed the tests 
i n  vacuum, b u t  f a i l e d  very quick ly  i n  l abora to ry  environ- 
ment tests , 
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These anomaly r e s u l t s  from the physical  s t r u c t u r e  of 
Martin Hard Coated Aluminum i n  conjunction w i t h  the d i f f e r e n t  
condi t ions imposed on the materials by the tes t  apparatus  
when used i n  vacuum and labora tory  environments, The m e t a l -  
l u r g i c a l  s t r u c t u r e  of the Martin Hard Coated gea r  has a 
typ ica l  Aluminum Oxide l a y e r  of 0,002 t o  0,003 inch thickness.  
This l aye r  is  columnar w i t h  the boundary g ra ins  perpendicular 
t o  the 7075 aluminum subs t r a t e ,  'The coat ing i s  charac te r ized  
by h igh  hardness,  r e l a t i v e l y  high po ros i ty ,  low thermal con- 
duc t iv i ty ,  and a weak bond between the coat ing and subs t r a t e  
as compared t o  a carburized or  n i t r ided  case, For this 
reason the coat ing must be of s u f f i c i e n t  thickness  t o  avoid 
l a r g e  de f l ec t ions  of the subs t r a t e  and w e l l  supported t o  
avoid su r face  fa t igue .  
These characteristics of the aluminum oxide coat ing 
when coupled w i t h  rapid temperature f luc tua t ions  a t  the 
sur face  of the aluminum oxide l aye r  and the contac t  stresses 
induced by loading caused the coat ing t o  f a t igue  and crack 
rap id ly  i n  the labora tory  tests, Such cracks are very much 
i n  evidence i n  Figure 27,(10) This gear  had only run 2 1  hours 
when the gea r  failed because of coa t  cracking and subsequent 
f a i lu re .  
The large temperature f luc tua t ions  r e su l t ed  from the 
low thermal conduct ivi ty  of the aluminum oxide coating and 
the high rate of heat t r a n s f e r  from the su r face  by convection 
and r ad ia t ion  i n  the a i r  environment. Thus, the su r face  
t empera tu re  of each too th  increases  r ap id ly  during contac t ,  
bu t  decreases r ap id ly  due t o  heat t r a n s f e r  t o  the environment 
when the teeth are ou t  of contact.  This heat is  of course 
generated by f r i c t i o n  on the gear  surfaces.  
However, when the tes t  r i g s  w e r e  run i n  vacuum the 
heat generated a t  the gear  sur faces  could not  be l o s t  by 
convection. Therefore, it had t o  be l o s t  either by con- 
duct ion through the gear  and ball  bear ings and/or by radia-  
t i o n  from the gear body as  w e l l  as from the aluminum oxide 
coating, 
bal l  bearing i n  vacuum is  extremely high,  a l a r g e  percentage 
of the heat generated a t  the sur face  must be l o s t  by radia-  
t i o n  from the gear, 
Since the - r e s i s t ance  t o  heat t r a n s f e r  through a 
I f  the heat generated i s  t o  be l o s t  from the gear  
su r face  by r ad ia t ion  then the over -a l l  temperature of the 
gea r  must increase ,  as ind ica ted  i n  sec t ion  3.1.4, I n  
add i t ion ,  s ince  a l a r g e r  amount of heat i s  transferred t o  
the aluminum subs t r a t e  by conduction a l a r g e r  t empera tu re  
d i f f e r e n t i a l  w i l l  exist  across the i n t e r f a c e  between the 
aluminum oxide coat ing and the substrate .  This phenomenon 
is  suggested by the r e s u l t s  ind ica ted  i n  the photomicrograph 
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i n  Figure 28. (lo) 
i n i t i a t e d  a t  the i n t e r f a c e  between the s u b s t r a t e  and the 
hard c o a t  whereas i n  the g e a r s  t e s t e d  i n  atmosphere the 
cracks  occurred between the boundary g r a i n s  of the aluminum 
oxide, The r ap id  f l u c t u a t i o n  of the s u r f a c e  temperature i s  
reduced i n  vacuum both because of the heat conducted through 
the hard c o a t  and because the r a d i a t i o n  of heat i s  a func t ion  
of the temperature r a i s e d  t o  the f o u r t h  power. 
I n  this  photomicrograph a crack has 
I t  is  obvious t h a t  the Martin H a r d  Coated gea r s  would 
no t  have run for  a much longer  per iod of t i m e  even i n  vacuum 
before the subsurface cracks shown i n  Figure 28 would have 
r e s u l t e d  i n  f a i l u r e  of the hard c o a t  and subsequent de t e r io -  
r a t i o n  of the w e a r  surface.  
3.6-6 Martin H a r d  Coated Aluminum versus  C-1085 ( H e a t  ‘Treated 
Rc50) S i l v e r  P la ted  0.0001 inch  w i t h  0.0001 inch  of 
-- E3C Molykote F i l m )  
This combination of gea r  m a t e r i a l s  f a i l e d  very quick ly  
i n  atmospheric tests f o r  the s a m e  reasons as  the previous com- 
b i n a t i o n  w h e r e  the Martin H a r d  Coated gea r  fa i led  when the 
hard coated case cracked. 
I n  vacuum tests t h i s  combimtion ran  extremely w e l l .  
A s  d i scussed  previous ly ,  the Martin H a r d  Coated gears ran 
much better i n  vacuum and i n  a d d i t i o n  s i n c e  t h i s  coa t ing  
is  porous it al lows the s i l v e r  and MoS,, t o  flow i n t o  t h e  
matrix of the coating. T h i s  pheiiuinerlon” W ~ S  very evident 
when the Martin H a r d  Coated gea r  su r faces  w e r e  examined w i t h  
a microscope. I n  a d d i t i o n ,  it w a s  i n t e r e s t i n g  t o  note  that  
very l i t t l e  evidence of plastic flow w a s  found on the C-1085 
gea r s  i n  the tests wi th  Martin H a r d  Coated gears.  T h i s  can 
be a t t r i b u t e d  t o  the reduced f r i c t i o n a l  energy generated a t  
t h e  mating su r faces  when both su r face  t e m p e r a t u r e  of the 
C-1085 g e a r s  to a l e v e l  w h e r e  the con tac t  stress d i d  n o t  
exceed the y i e l d  s t r e n g t h  of the C-1085 asperities. 
3.6.7 Ni t r ided  N i t r a l l o y  versus  Phosphor Bronze 
15% MoS2 Matrix 
The r e s u l t s  obtained w i t h  the combination of gea r  
materials i n d i c a t e  tha t  e x c e l l e n t  w e a r  characteristics 
could probably be obtained i f  the s t r e n g t h  of the MoS2 im- 
pregnated phosphor bronze gears could be improved. The com- 
b i n a t i o n  r an  very w e l l  i n  the atmospheric test w h e r e  the 
temperature of the gears w a s  s l i g h t l y  reduced, However, when 
tested i n  vacuum w h e r e  the gear t e m p e r a t u r e  w a s  e leva ted  the 
teeth of the phosphor bronze gears f a i l e d .  
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Figure 27 Photomicrograph, Martin Hard Coated Gear 
after Laboratory Environment Test of 21 Hou 
Figure 28 Photomicrograph, Martin Hard Coated Gear 
after Vacuum Test of 720 Hours 
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I n  the atmospheric tests a t  the end of 720 hours ,  the 
s u r f a c e  of the phosphor bronze w a s  j u s t  beginning t o  s h o w  
evidence of s u r f a c e  f a t igue .  I n  a l l  tests w i t h  th i s  com- 
b i n a t i o n  of materials the n i t r i d e d  gears showed MoS2 smeared 
o r  impregnated i n t o  the n i t r i d e d  matrix, 
These phosphor bronze gears must be considered very . 
marginal f o r  use a t  20 oz-in, torque load ,  s i n c e  t h i s  load 
gene ra t e s  a bending stress of approximately 2000 psi  a t  the 
root. 
of on ly  7000 - 10,000 psi, Therefore, any use of t h e s e  g e a r s  
fo r  long periods of t i m e  would be s u b j e c t  t o  f a t i g u e  f a i l u r e ,  
I n  a d d i t i o n ,  the con tac t  stress of 60,000 psi  would cause 
su r face  f a t i g u e  unless  the s t r e n g t h  of the gears could be 
improved . 
T e s t  specimens of th is  m a t e r i a l  had a rup tu re  modulus 
3.6.8 Phosphor Bronze 15% MoS2 Matrix versus  440C S t a i n l e s s  
Steel 
The r e s u l t s  obtained w i t h  t h i s  combination of materials 
need no f u r t h e r  d i scuss ion ,  s i n c e  they are almost i d e n t i c a l  
t o  the r e s u l t s  obtained w i t h  n i t r i d e d  N i t r a l l o y  versus  phos- 
phor bronze, The only  s i g n i f i c a n t  d i f f e r e n c e  w a s  that  t h e  
phosphor bronze gears fa i led  by tooth breakage even i n  the 
atmospheric tests w i t h  this combination of gea r  materials, 
3-6.9 Martin H a r d  Coated Aluminum versus  Phosphor Bronze 
w i t h  15% MoS2 Matrix 
A s  i n  a l l  o t h e r  tests w i t h  phosphor bronze w i t h  t h e  
MoS2 matrix these gears f a i l e d  by tooth breakage, 
one i n t e r e s t i n g  no te  w i t h  th i s  combination of materials, the 
aluminum oxide l a y e r  on the Martin H a r d  Coated gears did n o t  
f a i l  i n  the atmospheric tests after 307 hours of usage, This 
would aga in  tend t o  i n d i c a t e  that the aluminum oxide coa t ing  
accepts  the l u b r i c a n t  (MoS2) i n t o  the coa t ing  and as  a r e s u l t  
the su r face  temperature f l u c t u a t i o n s  of the mating gears are 
reduced, This phenomenonwas also d i scussed  i n  s e c t i o n  3-6.6, 
However, 
3-6.10 L i q h t  Anodized 7075 Aluminum versus  B e r y l l i u m  Copper 
T h i s  combination failed i n  both atmospheric and vacuum 
tests due t o  the breakdown of the very  t h i n  coat ing of alumi- 
num oxide which w a s  n o t  capable of support ing the con tac t  
stresses, Another i n t e r e s t i n g  occurrence w a s  the marked 
t r a n s f e r  of beryl l ium copper t o  the l i gh t  anodized aluminum 
gear i n  vacuum. However, this should probably be a n t i c i p a t e d  
because of the apparent ly  h igh  su r face  temperatures encounter- 
ed dur ing  these tests a t  20 oz-in, of to rque  load. 
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3.6.11 Martin Hard Coated Aluminum versus Beryllium 
This combination fa i led  i n  the same manner as the 
l i g h t  anodized aluminum versus beryllium copper combination. 
Again a marked t ransfer  of material occurred i n  the vacuum 
tests. This t ransfer  of material w a s  i n i t i a t ed  i n  vacuum 
before the aluminum oxide coating failed. 
3.6.12 Lisht Anodized Aluminum versus Martin Hard Coated 
Aluminum 
This combination fa i led  i n  a very short  period of 
t i m e  due t o  the f a i lu re  of the l i g h t  anodized coating. The 
f a i lu re  was,of course, more rapid i n  the atmospheric tests. 
3-6-13 Martin Hard Coated Aluminum versus Phosphor Bronze 
with 15% MoS2 Matrix 
T h i s  combination fa i led  by breakage of the teeth on 
the phosphor bronze gears. 
previously. 
Thisphenomenon was discussed 
3.6.14 Nitrided Nitralloy versus B e r y l l i u m  Copper 
This combination ran very poorly. I n  the vacuum 
evaluation the tests were terminated when the torque in-  
creased beyond the capability of the DC motors , to t u r n  the 
rig.  The atmospheric tests w e r e  terminated when the tee th  
fai led on the beryllium copper gears a f t e r  a high percentage 
of wear occurred, 
Examination of both vacuum and atmospheric test samples 
showed marked adhesion and material t ransfer  had occurred 
i n  a l l  tests. 
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4.0 RECOMMENDATIONS 
The results obtained during the t e s t  program indicate 
further studies should be conducted with nitrided Nitralloy 
and carburized gears to  determine the optimum case depth. 
These studies would be particularly beneficial i n  improving 
the wear characteristics of the C-1020 carburized gears, 
because of the sof t  substrate material which w i l l  not support 
the contact stresses generated i n  these tests,  I n  addition, 
such s t u d i e s  should allow the n i t r ided  Nitralloy gears to be 
used for longer (greater than 720 hours) periods of time, 
The use of si lver plate and MoS2 should be investigated 
i n  greater detail ,  These gears failed as a result  of the 
poor high temperature (800OF) properties of C-1085, I t  would 
be worthwhile to conduct similar s t u d i e s  using gears with a 
base material which has substantially improved high tempera- 
ture properties. Such materials, with a lubricant f i l m ,  when 
r u n  against a material such as  nitrided Nitralloy should give 
excellent results,  
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APPENDIX I 
VACUUM GEAR T E S T  APPARATUS ASSEMBLY PROCEDURE 
APPENDIX I1 
WEAR MEASUREMENTS FOR VACUUM T E S T S  
APPENDIX 111 
DISCUSSION ON WEAR 
, 
APPENDIX I 
VACUUM GEAR TEST APPARATUS ASSEMBLY PROCEDURE 
Following is  a d e t a i l e d  assembly procedure f o r  a l l  com- 
ponents except: 
1, Sp l ine  s h a f t  assembly i n  m a s t e r  gear index 
drum 
2, Transducer and bear ing assembly i n  S-shaped 
m a s t e r  gea r  indexing bracket 
I, 
A. 
BO 
c. 
D. 
E, 
BASE PLATE AND MASTER GEAR MECHANISM ASSEMBLY 
A s s e m b l e  a l l  bear ings  ( t o p  and b o t t o m )  on the base 
plate. U s e  special t h i n  r e t a i n e r  rings on b o t t o m  
bear ings,  
The bear ing  shields on top  bear ings  must be on t o p  
s ide of  the bear ing block,  and bear ing shields on 
b o t t o m  bear ings  m u s t  be on b o t t o m  side of the bear ing 
block, 
Top bear ings  need not  have r e t a i n e r  r ings ,  
A s s e m b l e  m a s t e r  gea r  indexing drum w i t h  s p l i n e  s h a f t  
i n  the c e n t e r  of base plate. 
NOTE: 'Two of the fou r  b o l t s  used i n  assembly are 
#lo-24 w i t h  c o l l a r s  around them as  l o c a t i n g  
pins.  The o t h e r  two b o l t s  are #lo-32. 
S l i d e  S-shaped m a s t e r  gear  index bracke t  over the 
s p l i n e  shaft w i t h  the set  s c r e w  i n  the  bracke t  f ac ing  
the f l a t  on the s h a f t  (Fiqure I - l )*  Tighten the t o p  
n u t  over  shaf t  u n t i l  a11 p lay  i n  S-shaped bracket i s  
removed. Rotate  bracke t  to make s u r e  it indexes w i t h -  
o u t  binding on index drum. Tighten the set s c r e w  on 
the s p l i n e  shaft, 
A s s e m b l e  bear ings  and r e t a i n e r  r i n g  i n  U-shaped m a s t e r  
gea r  bracke ts  as shown i n  Figure 1-2  w i t h  bear ing shields 
on the ou t s ide ,  A s s e m b l e  m a s t e r  gear s h a f t ,  master 
gea r ,  spacers  and lock  n u t s  as shown i n  Figure 1-2 and 
load bear ings l i g h t l y  t o  remove p l ay  using spr ing  
washer, 
Mount both U-shaped brackets ( sp r ing  loaded) on S-shaped 
bracket as shown i n  FigureI-3. Make s u r e  bracket t r a v e l s  
f r e e l y  on bal l  bushings without binding, 
m a k e  s u r e  both master gears are so mounted tha t  the gea r  
clamp i s  on top  side of the gear. 
m a s t e r  g e a r s  on s h a f t  so that  the top f a c e  of  the top 
master g e a r  i s  4,569" from top  s u r f a c e  of the base p l a t e  
and the t o p  face of the bottom m a s t e r  gea r  is 3.264" from 
t o p  surface of the base plate, 
During assembly, 
Adjust  and f a s t e n  
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11. ASSEMBLY OF FOUR-SQUARE TEST R I G S  
A, Push f i t  a l l  six bear ings  i n  test r i g  as shown I r l  
Figure J-4 w i t h  retainer r ings .  
NOTE: Observe s h i e l d  l o c a t i o n s  as  per  Figure 1-40 
B. I d e n t i f i c a t i o n  of p a r t s  i n  Figure 1-5 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10, 
11, 
12. 
13. 
14. 
15. 
16. 
17 . 
18. 
19 
20 0 
21. 
22. 
23. 
24 . 
25 . 
26. 
27 . 
28. 
29 . 
30. 
31. 
32. 
Drive s h a f t  coup1 ing  
C o l l a r  0.60" long 
Bearing s h i e l d  d i s c  
3/16" gear - Material #1 
G e a r  clamp 
G e a r  clamp 
D r i v e  s h a f t  
3/16" gea r  - Material #2 
Bearing block, upper r i g h t  
Bearing block, l o w e r  r ight  
Co l l a r  3/16" or 1/4" long 
Spring washer 
Bushing 
Bushing 
Upper l e f t  s h a f t  
Spring washer 
Collar 3/16" o r  1/4" long 
Upper l e f t  bear ing block 
S p l i t  bushing 
S p l i t  bushing clamp ( s a m e  as gear clamp) 
G e a r  clamp 
1/8" gear - Material #1 
Torque load coupling 
1/8" gear - Material #2 
G e a r  c 1 amp 
S p l i t  bushing clamp ( s a m e  as  gear  clamp) 
Spl it bushing 
Lower  l e f t  bear ing block 
C o l l a r  3/16" o r  1/4" long 
Spring washer 
Bushing 
Sha f t ,  lower l e f t  
C, A s s e m b l y  of Par ts  1 t h r u  13, Fiqure, 1-5 
Push Sha f t  7 through bear ing blocks 9 and 10 p lac ing  
g e a r s  8 and 4 ,  gear clamps 5 and 6, and d i s c  3 i n  
pos i t i on .  
Locate shaft  so tha t  i t  extends about 9/16'' o u t s i d e  
upper f a c e  of bear ing  block 9. 
Plate collar 2 and clamp coupling 1 i n  p o s i t i o n  
as shown. 
7 3  
SHIELD 
1 SHIELD 
f SH'ELD 
/ 
w I 
t 
/ 
\ 
Figure  1-4 Front V i e w  of T e s t  R i g  
w i t h  B e a r i n g  L o c a t i o n s  
-SHIELD 
'--SHIELD 
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F i g u r e  1-5 Front V i e w ,  T e s t  R i g  A s s e m b l y  
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Sl ip  on Collar 11 a t  upper end, 
Slip on spring washer 1 2  
D. 
Clamp on bushing 1 3  a f t e r  compressing spring washer 1 2  
(one half t o t a l  deflection) thereby loading both 
bearings, 
Clamp disc 3 on shaft  so that  clearance between lower 
face of disc 3 and upper face of lower r ight  bearing 
block 10 is  only a few thousands of an inch. 
Temporarily clamp l igh t ly  gear clamps 6 and 5, Exact 
location of gears on shaft  7 w i l l  be discussed la te r .  
Assembly of Parts 1 4  thru 32,  F i s u r e  1-5 
Push shaft  15 through both bearings i n  bearing block 18. 
Sl ip  on s p l i t  bushing 19 and s p l i t  bushing clamp 20 
on shaft  15, 
Locate shaft  15 so tha t  it extends 9/16" outside upper 
face of bearing block 18. 
Clamp on s p l i t  bushing clamp 20 adjacent to bearing, 
Sl ip  on col lar  17. 
Sl ip  on spring washer 16. 
Sl ip  on bushing 14 ,  
Apply axial  load on bearings by compressing spring 
washer 1 6  (half-full deflection) and lock bushing 1 4  
i n  place. 
Sl ip  on gear 22 and gear clamp 21, S l ip  on torque load 
coupling 23 and at tach it temporarily to lower end of 
shaft  15, 
Locate gear 24, gear clamp 25,  s p l i t  bushing 27 and 
s p l i t  bushing clamp 26 a s  shown i n  Figure 5 and s l i p  
shaft  32  through bearings i n  bearings block 28 and upward 
a l l  the way through to coupling 23, 
Position shaft  32 so tha t  9/16" extends outside the lower 
face of bearing block 28. 
With shaft  32 i n  t h i s  position and s p l i t  bushing 27 
touching upper bearings, clamp on s p l i t  bushing clamp 26 
on shaft, 
7 6  
Sl ip  on collar 29. 
I11 . 
Sl ip  on spr ing  washer 30. 
Sl ip  on bushing 31 and load bear ings  between s p l i t  
bushing 27 and bushing 31 by d e f l e c t i n g  spr ing washer 
t o  h a l f - f u l l  d e f l e c t i o n  and c l a m p  bushing 31 i n  place. 
Mount coupling 23 on s h a f t  32 leaving 3/32" axial move- 
ment f o r  gear 24. 
Mount coupling 23 on s h a f t  15 l eav ing  3/32" axial move- 
ment f o r  gear 22. 
ASSEMI3LY OF FOUR-SQUARE TEST RIGS ON BASE PLATE 
Place two l o c a t i n g  p i n s  i n  base plate f o r  test r i g  
loca t ion .  
Place 0.285t' co l l a r  3 n  t op  of t o p  bear ing i n  base 
plate (see Figure 1-61. 
P o s i t i o n  and clamp test  r i g  on base plate  w i t h  two 
#lo-32 bo l t s .  U s e  both l o c a t i n g  p i n s  during mounting 
and remove a l l  l oose  p i n s  a f te r  mounting so that  they  
do n o t  f a l l  o u t  due t o  v i b r a t i o n s  during test. 
S l i p  magnet d r i v e  shaft  through the bottom of the base 
plate and attach d r i v e  shaft coupling 1 t o  top  end of 
magnet d r i v e  shaft. 
S l ip  on 0,080" collar on the b o t t o m  end of sha f t .  
S l ip  on magnet w i t h  clamp. 
Push up magnet and c l a m p  magnet on the s h a f t  a t  the 
s a m e  t i m e  pushing coupling 1 toward base p l a t e  so that 
no axial  p l ay  i n  magnet d r i v e  shaft r e s u l t s  after 
a s s e m b l  y o  
I V .  P O S I T I O N I N G  GEARS 
Locate and clamp gea r  22 (FigureI-5) so that top  face of 
gea r  22 is  4,574" t 0 . 0 0 2 1 1  above top  face of base p l a t e ,  
Locate and clamp gea r  24 (F5gureI-5) so tha t  top face of 
gear 24 is  3.269 LO.002" ahcrve top face cf  base plate. 
Visua l ly  locate and clamp gear  4 (Figure 1-51 SO t h a t  
c e n t e r  l i n e  of gea r  24 and gear  4 coincide.  
Visua l ly  locate gear  8 (FigureI-5) so tha t  cen te r  l i n e  of  
gear 22 and gear 8 coincide. 
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RIVE 
COU 
MAGNET DRIVE 
COLLAR 0.080'' LONG 
Figure 1-6 Magnetic D r i v e  Assembly 
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Clamp gear 8 l i g h t l y  on sha f t  such t h a t  it can t u r n  
f ree ly  on shaf t ,  b u t  not s l i d e  out of i t s  ax ia l  location. 
Mate master gears with a l l  test gears and ver i fy  location 
accuracy. 
V. LOADXNG TEST R I G S  (FIGURE 1-5) 
Attach torque wrench to  upper end of shaf t  15 (Figure 1-51. 
Lock shaf t  32 (FigureI-5) by placing A l l e n  head wrench i n  
bushing 31 and using the same as stop arm against  test 
r i g  frame while shaf t  15 i s  turned by torque wrench. 
Apply torque load as specified on shaf t  15, During load 
application gears 24 and 4 w i l l  remain stationary and 
gear 22 w i l l  r o t a t e  with sha f t  15 while gear 8 w i l l  ro ta te  
on stationary shaf t  7,  
When f u l l  load i s  applied, clamp gear clamp 6 t i g h t l y  on 
shaf t  7. Visually check alignment of gear #8 with gear #22. 
V I ,  CHECKING THE TORQUE SETTING 
Lock shaf t  32 as discussed ear l ie r .  Gradually apply load 
w i t h  torque wrench on shaf t  15, A l l  gears w i l l  remain 
stationary during t h i s  load check procedure. However, by 
careful observation of gear 22 @‘Figure 1-51 very small move- 
ment of gear 22 (movement equal t o  backlash) w i l l  be no- 
ticed i n  the v i c in i ty  of actual  torque. This torque value 
m u s t  be w r i t t e n  2 2  oz-in. of the specified torque. If the 
torque i s  not within tolerance, it m u s t  be reset. There 
w i l l  be no movement of gear 22 above and below the actual 
load value. 
V L I ,  F I N A L  CHECK ON ASSEMBLY 
Check a l l  gears and make sure they a r e  on correct  loca- 
t ion  and mating against  the des i red  gears. Record gear 
locations and test r i g  numbers on data sheet. Rotate 
master gear mechanism and mate master gears against  every 
test gear and ro t a t e  the respective test  r i g s  t o  make s u r e  
they turn without excessive binding, 
G o  over a l l  clamps and make s u r e  a l l  screws are absolutely 
t ight .  Take vacuum cleaner and remove a l l  loose l i n t  (from 
gloves) from the test  apparatus. 
Prepare the  vacuum system fo r  test; i n  other words, have 
the system cleaned out and new gasket made and VacSorb 
pumps baked out. 
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Lower the apparatus into system very slowly so as  not 
t o  damage spline coupling. U s e  the f ixture  for t h i s  
operation. Locate the test  r ig s  t o  match with the i r  
respective motors. 
Set the master gears i n  the i r  neutral position. Lo- 
cate a l l  signal leads and make s u r e  you can identify 
them as t o  the i r  soldering location on feedthrough. 
Replace top flange and mount feedthrough af te r  care- 
fu l ly  soldering leads t o  it. Make sure the soldering 
iron is  clean and do not use any flux; use special 
f luxless solder. 
Before tightening up large flange, check the output 
from master gear transducers and take a few readings 
on gears. 
Tighten up the top flange and pump down the system. 
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APPENDIX I1 
WEAR MEASUREMh3TS FOR VACUUM TESTS 
I. INTRODUCTION 
The technique f o r  w e a r  measurements s e l ec t ed  fo r  the 
s u b j e c t  program is  b a s i c a l l y  s i m i l a r  t o  the approach used by 
most gear manufacturers fo r  determinat ion of the p rec i s ion  
and accuracy of new gears using m a s t e r  gears, T h i s  technique 
has been descr ibed  i n  many gear t e x t  books and manufacturer ' s  
catalogs and i s  better known as  T.C.E. ( t o t a l  composite e r r o r )  
chart recording. T.C.E. r ep resen t s  the peak-to-peak v a r i a t i o n  
i n  the c e n t e r  d i s t a n c e  between a test  gear and a r e fe rence  
master gear.  W i t h  the use of a special master g e a r ,  w e  have 
been p r e d i c t i n g  wear on the test  g e a r s  by t h e  measurement of 
changes i n  the c e n t e r  d i s t a n c e  a l so .  
On a l l  g e a r  tests,  the c r i t e r ion  used for  the terminat ion 
T h e  g e a r s  used 
of tests i s  based on either a to t a l  elapsed t i m e  of 720 hours 
or approximately 10% w e a r  a t  the pitch rad ius .  
i n  the program have too th  th ickness  of .0327" a t  pitch r a d i u s  
and 10% w e a r  refers t o  reduct ion of t h i s  dimention by ,0032" 
or a wear of .O032li a t  the pitch radius I n  other words, 1% w e a r  
r ep resen t s  a w e a r  of only ,0003" a t  t h e  p i t c h  rad ius ,  
Assuming tha t  as  a gea r  w e a r s  the p res su re  angle  a t  
p i t c h  l i n e  does not  d e v i a t e  much from the o r i g i n a l  20' a t  s t a r t ,  
10% w e a r  o r  ,0032" reduct ion  i n  too th  th ickness  would be re- 
f l e c t e d  as a c e n t e r  d i s t a n c e  of ,0046". However, from p a s t  
data it i s  found that  terminat ion a t  a change of ,0055" re- 
s u l t s  i n  better co r re l a t ion .  
'The so l id  s t a t e  displacement t ransducers  used i n  the 
m a s t e r  gear arrangement provide s i g n a l  i n  mv l i n e a r l y  propor- 
t i o n a l  t o  displacement,  and the terminat ion cr i ter ia  used i s  
the ou tpu t  i n  mv rather than displacement i n  inches. A s  w i l l  
be explained l a t e r ,  the top  t ransducer  g i v e s  an ou tpu t  of 120 mv 
f o r  change of .0055" and the b o t t o m  t ransducer  g ives  an ou tpu t  
of 110 mv for  the s a m e  change i n  cen te r  dis tance.  I n  other 
words, 11 to  1 2  m v  change i n  output  r e p r e s e n t s  approximately 
1% w e a r .  
The r e p e a t a b i l i t y  of test data has  been e s t ab l i shed  t o  
be +_lo mv on over -a l l  gea r  w e a r  read ings  w h i c h  means t h a t  a t  
any t i m e  the gea r  w e a r  p r e d i c t i o n  could be i n  an e r r o r  by ap- 
proximately 51% w h i c h  i s  acceptab le  a s  a terminat ion cri teria;  
however, no t  adequate fo r  accurate p r e d i c t i o n  of wear rates 
e s p e c i a l l y  during the e a r l y  s t a g e  of the test. 
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11, INSTRUMENTATION 
The vacuum test  appara tus  is so designed that a l l  test 
gea r s  would be a t  approximately the same d i s t a n c e  from the 
v e r t i c a l  c e n t e r l i n e  a x i s  of the apparatus,  Furthermore, h a l f  
of the test  g e a r s  w i l l  be assembled so tha t  they are p r e c i s e l y  
(wi th in  + .002'a)  i n  one ho r i zon ta l  p lane  c a l l e d  the top p lane  
and the other half w i l l  be p r e c i s e l y  assembled t o  be i n  one 
ho r i zon ta l  p lane  called the bottom plane, 
For each p lane  discussed above, thereis a spr ing  loaded 
master gear arrangement again p r e c i s e l y  assembled so that  dur- 
ing w e a r  measurements the m a s t e r  gear m a t e s  w i t h  each test 
gear wi th in  the w e a r  track, 
Two s o l i d  s ta te  t ransducers  (L.V.D.T.) are mounted i n  the 
m a s t e r  gear mechanism, 
ment of m a s t e r  gear i n  the t o p  p lane  and the bottom transducer  
records the displacement of m a s t e r  g e a r  i n  the bottom plane,  
'These t ransducers  r e q u i r e  a DC input  of 6 v o l t s  p r e c i s e l y  and 
have been c a l i b r a t e d  for  t h i s  vo l t age  input.  
leads to the t ransducer  are c o l o r  coded red and black,  Each 
t ransducer  has t w o  ou tput  leads (green and yellow) and the ou t -  
p u t  s i g n a l  ( abso lu t e  va lue)  i s  dependent on the l o c a t i o n  of the 
core  wi th in  the t ransducer ,  T h i s  abso lu t e  va lue  of t h e  s i g n a l  
must no t  be confused w i t h  the MeV. reading represent ing  w e a r  
on gear, W e  a r e  i n t e r e s t e d  i n  measuring the change i n  MeVe of 
th i s  output  s i g n a l  and th i s  change r e p r e s e n t s  t h e  gea r  w e a r .  
b a t t e r y  (power source)  , vol tage  adjustment s e l e c t o r  s w i t c h  f o r  
connecting the d e s i r e d  t ransducer  to the recorder and p o w e r  
on/of f and shor t ing  s w i t c h ,  
The t o p  t ransducer  records  the displace- 
The  t w o  i npu t  
An instrument panel has been m a d e  up w h i c h  inc ludes  the 
The i npu t  and output  leads from both t ransducers  are 
brought t o  the 8 p in -  vacuum feedthrough i n  the top f l ange  as 
shown i n  Figure 11-1 and are e x t e r n a l l y  connected through the con- 
t r o l  panel  to  the recorder. 
i s  shown i n  Figure 11-2, 
'The c i r c u i t  f o r  the con t ro l  panel 
111. MEASUREMENTS 
Before a procedure f o r  data t e s t i n g  can be o u t l i n e d ,  it 
i s  necessary t o  understand the working of the master gear ar- 
rangement. 
The m a s t e r  gears a r e  designed so that  they have a set 
of t e e t h  which may be two or  three ad jacen t  teeth a t  one loca- 
t i o n  on the circumference of r ec t angu la r  shape having a t o o t h  
thicltness of ,0375". A b o u t  180° from this  l o c a t i o n  there is  
a set of teeth that has been completely f i l l e d  i n  so that  dur- 
ing w e a r  measurement a t  t h i s  l o c a t i o n  the master gear  w i l l  ride 
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R e d  
B l a c k  
Y e l l o w  
f G r e e n  
F igure  11-1 Tranaducer Schematic 
V 
ON-OFF 
Power 
V o l t a g e  Selector 
ON-OFF A d j u s t  S w i t c h  
I '  6v - - B a t t e r y  - - 
To R e c o r d e r  
Figure 11-2 Control Panel and Recorder Schematic 
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, o n  top of the teeth of t es t  gea r s  i n s t e a d  of meshing w i t h  the 
teeth of tes t  gears. 
ment has been given i n  d e t a i l  i n  Sec t ion  3.1.4. 
The t e c h n i c a l  reason for the arrange- 
During w e a r  measurement on any of the test g e a r s ,  w e  are 
i n t e r e s t e d  i n  taking one measurement of c e n t e r  d i s t a n c e  when 
t h e  des i r ed  square tooth is  engaging w i t h  the tes t  gear and 
another  r e fe rence  measurement when the f i l l e d - i n  teeth of the 
master gear are r i d i n g  on top of o r  on OD of the tes t  gear, 
The d i f f e r e n c e  between these t w o  measurements is  the a c t u a l  
over -a l l  measurement f o r  the p a r t i c u l a r  test gear, 
By recording the over -a l l  measurement f o r  each gear pe r i -  
o d i c a l l y  and not ing the changes t h e r e i n ,  the amount of t o t a l  
w e a r  on the gea r  can be predicted by the following r e l a t ionsh ip :  
Change i n  over -a l l  readinq (mv) 
Ca l ib ra t ion  (mv/77 w e a r )  of t ransducer  
Coef f i c i en t  
% w e a r  = 
Cal ib ra t ion  c o e f f i c i e n t  of t op  t ransducer  = 1 2  mvpk w e a r  
Ca l ib ra t ion  c o e f f i c i e n t  of b o t t o m  t ransducer  = 11 mv/”/o w e a r  
The type of recording one should expect can be best ex- 
plained by the following series of i l l u s t r a t i o n s .  
A. L e t  us f i r F t  conFider a T.C.E. c h a r t  where a s tandard  
m a s t e r  gea r  i s  used t o  check a new t e s t  gear .  AE the t e F t  gear 
i s  r o t a t e d  w h i l e  sp r ing  loaded by a master gear, the v a r i a t i o n s  
i n  cen te r  d i s t ance  recorded on c h a r t  paper ~ o u l d  look l i ke  
Figure 11-3. The  s i n e  wave v a r i a t i o n  over the 360° r o t a t i o n  
g ives  the ove r -a l l  runout whereaF the small  hash represents  
tooth-to-tooth v a r i a t i o m .  
B. Now, i f  the same master gea r  had one o r  two adjacent  
teeth e z p e c i a l l y  m a d e ,  say  of r ec t angu la r  shape, so t h a t  they 
can pene t r a t e  a l i t t l e  f u r t h e r  i n  the t e F t  gear  compared t o  
the remaining teeth,  the curve would look l ike Figure 11-4. 
C. I f  i n  add i t ion  t o  the r ec t angu la r  teeth, the same mas- 
ter gea r  had a couple of i t s  teeth f i l l e d  i n ,  so the curve would 
look l ike  Figure 11-5. 
D, The curves produced by our master gear  a r e  q u i t e  s i m i -  
l a r  t o  Figure 11-5, b u t  have more peaks i n  t h e m  because there 
are more than one set  of rec tangular  teeth, 
The t o p  master gear  w i l l  produce recordings as  shown i n  
Figure 11-6. The bottom master gea r  w i l l  produce recordings as 
shown i n  Figure 11-7. T h e  e x t r a  peaks a r e  due t o  undesirable  
r ec t angu la r  t e e t h  widths. 
a4 
Figure 11-3 Representative T.C.E. Chart 
for Standard Master Gear 
Figure 11-4 Representative T.C.E. Chart with Modified 
Master Gear - (2) Rectangular Teeth 
Rectangular 
Teeth 
J../JI 
I 
Depression at 
/- Filled-In Teeth 
Figure 11-5 Representative Curve for Modified Master Gear 
with Rectangular Teeth and Filled-In Teeth 
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Reverse 
Forward 4 
Figure 11-6 Representative Wear Chart 
for Upper Modified Master Gear 
F -  
Forwar+ Reverse 3 c- Forward+/ 
Figure 11-7 Representative Wear Chart 
for Lower Modified Master Gear 
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The pointz on the curves i n  Figures  11-6 and 11-7 w e  a r e  
- i n t e r e s t e d  i n  a r e  A, B ,  C ,  D ,  E ,  and F. 
Reading AB - M i l l i v o l t  reading AB w h e r e  A & B 
are average hash l o c a t i o n s  a t  the 
start  of the curve. 
Reading EF - M i l l i v o l t  reading EF i s  s i m i l a r  t o  
AB and i n  most cases w i l l  n o t  defer 
by m o r e  than  10 mv from AB. Po in t s  
E and F are aga in  average of hash a t  
those  l o c a t i o n s  a t  t h e  end of the 
curve. 
Reading CD - M i l l i v o l t  reading CD r ep resen t s  the 
r ec t angu la r  t o o t h  t r a v e l .  D i s  t h e  
extreme t o p  of the  peak and p o i n t  C 
i s  the average of hash a t  that loca t ion ,  
‘me over -a l l  measurement fo r  the p a r t i c u l a r  gea r  is  tabu- 
lated as: 
L, J 
IV. s m P  BY STEP DATA TAKING PROCEDURE 
A. A t  s t a r t  of t es t  make s u r e  the master gea r  mechanism 
i s  i n  n e u t r a l  p o s i t i o n  so t h a t  the bottom master gea r  is  between 
T e s t  Rig. N o ,  VI1 and V I 1 1  and top  master gea r  is between T e s t  
Rigs I V  and 111, 
B. Learn t o  i d e n t i f y  gears on each test rig.  ‘There are 
four  (4) gears on each test  r i g ,  two on top and two on bottom, 
Looking f r o m  t o p  cen te r  of the test  appara tus  a t  any one test  
r i g ,  t w o  of the four  gears w i l l  be i n  clockwise l o c a t i o n  w i t h  
respect t o  the c e n t e r  of that  t es t  r i g  and t h e  other two w i l l  
be i n  counterclockwise d i r e c t i o n .  
For example, on say T e s t  Rig No. V I I  w e  can i d e n t i f y  
a l l  fou r  gears as: 
Top CW, Top CCW, Bottom CW and B o t t o m  CCW 
C ,  Turn on power s w i t c h  on con t ro l  pane l  
D. A d j u s t  supply vol tage  t o  6 v using top  e i g h t  black 
know. 
E. Make s u r e  AC coupler  on recorder h a s  been set t o  
T i m e  Constant - DC 
High Frequency - 3 
S e n s i t i v i t y  - 100 mv/cm 
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F. Make s u r e  the r ight  channel on recorder  a m p l i f i e r  i s  
HI - o u t  
S e n s i t i v i t y  - X1 
Paper Speed - 1 mm/sec 
set to: 
6 .  Turn master gears clockwise (looking from top) one 
index p o s i t i o n  so tha t  t o p  master gea r  m a t e s  w i t h  t o p  CCW gear 
on R i g  No. I11 and bottam m a s t e r  gea r  mates wi th  bottom CCW 
gear  on R i g  VII, 
H. Turn selector s w i t c h  on c o n t r o l  panel  t o  P o s i t i o n  3 
w h i c h  connects bottom m a s t e r  gear i n  c i r c u i t .  
I. Switch recorder  t o  l i m i t i n g  pos i t i on .  This w i l l  pre- 
vent  pen t o  overshoot a t  any t i m e  and prevent  damage t o  pen, 
J. R o t a t e  magnet on Rig VI1 and a d j u s t  zero s e t t i n g  knob 
on r igh t  channel of recorder so t h a t  the pen records i n  the 
cen te r  of the paper. 
K, Try t o  i d e n t i f y  your curve w i t h  Figure 11-7 by moving 
magnet forward and reverse.  
L. Once the curve can be i d e n t i f i e d ,  a d j u s t  your zero 
s e t t i n g  aga in  so tha t  p o i n t s  B and E f a l l  along the middle of 
t h e  chart paper  (range of r i g h t  channel).  
M, S w i t c h  recorder  t o  ope ra t e  pos i t i on .  
N. Slowly continue t o  t u r n  magnet i n  forward d i r e c t i o n  
u n t i l  you reach p o i n t  A (Figure II-71, r eve r se  the magnet and con- 
t i n u e  turn ing  slowly as you go through p o i n t s  B ,  C ,  D, E ,  and F. 
A t  p o s i t i o n  F r eve r se  magnet again and go through p o i n t s  F ,  E ,  
D,  C ,  B ,  and A. K e e p  revers ing  back and f o r t h  u n t i l  you have 
a s a t i s f a c t o r y  curve, 
0. Stop c h a r t  paper and s w i t c h  con t ro l  panel selector 
t o  p o s i t i o n  2. This w i l l  connect you t o  top  transducer.  
P. Repeat S teps  I through N ,  b u t  t h i s  t i m e  you w i l l  be 
turn ing  magnet on Rig I11 and recording top CCW gear  on Rig 111. 
8. Index m a s t e r  gea r  one index clockwise (looking f r o m  
top) so that t o p  master gea r  con tac t s  t o p  CW gea r  on R i g  I11 
and simultaneously bottom master gea r  m a t e s  w i t h  b o t t o m  CW 
gear of R i g  VII, 
R, Check to see if s e l e c t o r  s w i t c h  on con t ro l  panel i s  
i n  p o s i t i o n  ( 2 )  as i n  Step 0. 
S. Repeat Step I through N ,  b u t  t h i s  t i m e  t u r n  R i g  I11 
and record top  CW gear,  
88 
3 
T. 
CW gear.  
S e t  selector s w i t c h  t o  l o c a t i o n  3 and repeat s t e p s  
, I through N, b u t  th i s  t i m e  rotate R i g  V I 1  and record b o t t o m  
U. Continue indexing master gea r  and record mating tes t  
gears u n t i l  you reach 180° total  clockwise r o t a t i o n  on m a s t e r  
gea r  mechani sm. 
V, Bring back m a s t e r  gears t o  n e u t r a l  p o s i t i o n  mentioned 
i n  Step A. 
W, Take data on remaining half of the gears w i t h  master 
gea r  advanced i n  CCW d i r e c t i o n  f r o m  n e u t r a l  p o s i t i o n  u n t i l  you 
again reach t o t a l  of 180° and r e t u r n  master g e a r s  back t o  
n e u t r a l  p o s i t  ion. 
X, Tear off paper and s h u t  off recorder and cont ro l  
panel power. 
V, TABULATION 
W i t h  r ecorder  s e t t i n g s  specified i n  Sec t ion  I V ,  the o u t -  
p u t  on the chart paper w i l l  be 100 mv/cm and t abu la t ion  m u s t  be 
done according t o  i n s t r u c t i o n s  i n  Sec t ion  111. 
7 - 
Over-all measurement = jA* + EF + CD/  mv 
f *  L i 
) and (0) w i l l  (AB -t EF A s  the g e a r s  w e a r ,  both dimension, 
progress ive ly  inc rease  and may be recorded sepa ra t e ly  and as  
a sum, 
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APPENDIX I11 
DISCUSSION ON WEAR 
As noted in the body of the r,eport wear is a phenomenon 
The deterioration can be manifested by loss of 
In 
which is characterized primarily by the deterioration of mate- 
rial surfaces when exposed to mechanical and/or chemical 
environments. 
material and a change in the characteristics of the surfaces 
in contact in such a manner that performance is degraded. 
more severe cases, the deterioration leads to scoring or scuff- 
ing of the contacting surfaces. 
Several theories on the wear phenomenon exist:  however, 
at present no analytical method can adequately predict wear 
rates for all conditions. 'The wear of surfaces under ideal 
conditions of dynamic contact is a complex process influenced 
by many factors of mechanical contact and chemical change. 
The complexity of accurate wear predictions results primarily 
from the difficulty in a precise definition of the wear process 
and its controlling parameters. At present only certain generi- 
lizations can be made concerning easily measured characteris- 
tics of materials, such as relative hardness as it pertains 
to wear between two contacting surfaces. However, many impor- 
tant factors such as load, velocity of rubbing, material pro- 
perties, lubrication, and surface temperature have not been 
defined or correlated with each other. 
The development of theories to explain wear phenomena 
or predict wear rates of materials in contact has followed 
circuitous paths, 
Substantiation of wear theories has met with various 
degrees of success and, for the most part, considerable 
modification of original theories has occurred as a result 
of attempts to correlate experimental data with theoretical 
predictions. 
A survey of the existing literature indicates that the 
following mechanisms of wear are generally accepted for pur- 
poses of analysis: (1) adhesive wear, (2) abrasive wear, 
and ( 3 )  surface fatigue, These classifications have been 
used for convenience of study and for unique representation 
of the wear process in controlled experiments where arti- 
ficial boundaries are imposed for simplification or to 
study the effect of a particular parameter. A brief review 
of these classifications will be presented, 
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Adhesive w e a r  i s  the m o s t  fundamental type of w e a r ,  
which must occur every t i m e  two m e t a l  surfaces come i n t o  
s l i d i n g  con tac t ,  owing t o  the fac t  tha t  s m a l l  patches of 
the s u r f a c e  a r e  cleaned o r  temporar i ly  o u t  of con tac t  w i t h  
any contaminants. T h i s  permits the su r face  valence forces 
t o  operate and l o c a l  welding occurs  a t  the junc t ion  po in t s ,  
??he basic formulat ion of th is  q u a l i t a t i v e  adhesive w e a r  des- 
c r i p t i o n  i s  g e n e r a l l y  a t t r i b u t e d  to Bowden and Tabor. 
Where t w o  s l i d i n g  su r faces  c o m e  i n t o  in t ima te  con tac t ,  t h e  
a c t u a l  c o n t a c t  between these su r faces  occurs a t  on ly  a l i m i t -  
ed number of con tac t  p o i n t s ,  c a l l e d  asperities. Even under 
l i g h t  loads the l o c a l i z e d  p res su re  a t  these a s p e r i t i e s  may 
reach s u c h  magnitudes as to  produce p l a s t i c  deformation. 
This local deformation is  accompanied by an inc rease  i n  
t e m p e r a t u r e ,  s u c h  t h a t  the p l a s t i c a l l y  deformed areas may 
a c t u a l l y  f o r m  weld bonds a t  the p o i n t s  of contact .  The re- 
l a t i v e  motion of one surface over  the other then causes  the 
bonds t o  shear. T h i s  shear ing a c t i o n ,  accompanied by m a t e -  
r i a l  removal produces adhesive w e a r  between the rubbing sur- 
faces .  The wear of sol id  su r faces  i s  gene ra l ly  a very com- 
p l ex  process ,  and one of the s i m p l i f i c a t i o n s  made i n  t h i s  
d i scuss ion  i s  tha t  only  the main process  of cont inual  for- 
mation and shear ing of metallic junc t ions  i s  considered as  
the wear producing ac t ion .  
When a metal l ic  junc t ion  of the n a t u r e  descr ibed above 
is formed between s l i d i n g  su r faces ,  the shear ing may occur 
i n  fou r  d i f f e r e n t  ways. If the junc t ion  i s  s t ronger  than 
one of the m e t a l s ,  shear ing w i l l  o f t e n  take place wi th in  the 
b u l k  of the weaker material and fragments of the softer 
m e t a l  w i l l  be l e f t  adhering t o  the harder surface, I f  the 
junc t ion  i s  weaker than the m e t a l s  themselves, shear ing w i l l  
occur a t  the a c t u a l  i n t e r f ace  w h e r e  the junc t ion  i s  formed. 
The amount of metal  removed f r o m  either su r face  w i l l  be very 
s m a l l ,  If the junc t ion  i s  s t ronge r  than both metals, shear- 
ing w i l l  g e n e r a l l y  occur i n  the bulk of the weaker m e t a l ,  
bu t  it a l so  occas iona l ly  occurs  wi th in  the s t ronger  m e t a l  
i t s e l f .  There w i l l  g e n e r a l l y  be a l a r g e  removal of the 
s o f t e r  m a t e r i a l ,  b u t  a l s o  s o m e  removal of tk harder material. 
F i n a l l y ,  cons ider  the behavior of two s i m i l a r  mater ia l s .  
There the junc t ions  are of the s a m e  material  a s  both su r faces ,  
b u t  the process of deformation and welding w i l l  work harden 
t h e m  and appreciably inc rease  their  shear  s t r eng th ,  Conse- 
quent ly ,  shear ing w i l l  r a r e l y  occur a t  t h e  i n t e r f a c e  i t se l f  
bu t  w i l l  t ake  place wi th in  the bulk of the metals,  Under 
these cond i t ions ,  the su r face  damage and material removal 
on both su r faces  can be r e l a t i v e l y  extensive.  
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It should be noted that this welding may occur when the 
tips of the asperities reach the melting point of the metal, 
or by recrystallization recovery, e.g., thermal galling, since 
the recrystallization temperature is much lower than the 
melting temperature. 
problem and they believe in general that thermal galling is 
a function of the thermal and mechanical conditions under 
which the metallic surfaces are rubbed together. 
Ling and Saibel(4) have studied this 
Let us now consider the formulation of a quantitative 
adhesive wear model for determining the amount of material 
removed during the sliding action. This model was initially 
developed by Burwell and Strang(5) and the discussion here is 
from that work, It should be pointed out that little experi- 
mental verification exists for the application of this empiri- 
cal model directly to mechanical components; however, from tests 
on materials the model appears valid under certain conditions 
(discussed in the cited reference) and the extension to our 
purposes is logical. In addition, this work represents the 
best quantitative wear model available in the literature 
reviewed'to date, 
In' applying the shearing concept of Bowden and Tabor, (1 1 
it is recognized that the true area of contact between the 
solid surfaces is in reality only a fraction of the apparent 
contact area. Its value can be expressed as: 
7 
A = W/p, 
where 
A = true contact area, 
W = normal load, 
= the yield pressure producing plastic 
deformation of the softer material. Pm 
The volume of material removed, can now be expressed as 
V = BAL (2) 
where 
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V = volume of m a t e r i a l  removed, 
L = s l i d i n g  d i s t a n c e  
B = a f a c t o r  expressing the p r o b a b i l i t y  of 
removing a s i n g l e  atom of material. 
Upon e l imina t ing  the a rea  of contac t ,  Equation ( 2 )  can be re- 
w r i t t e n  as  
Expressing the amount of w e a r  i n  terms of depth  of material 
removed, 
BPL h = -. 
Pm 
( 4 )  
w h e r e  
h = average depth of material removed, 
P = average normal stress over the nominal con tac t  area. 
I n  obta in ing  Equation (4) the va lue  of P is obtained from 
W 
7 
p = -  
AO 
where 
A. = the apparent  o r  nominal a r e a  of con tac t  
between the wearing sur f  aces. 
Experimental data have shown that the value of (B) i n  Equation ( 3 )  
and (4 )  ranges between 1 x 10-7 and 5 x I n  a d d i t i o n ,  the 
va lue  of 
the shapes of the asperities on the surface of the material. 
Bowden and Tabor i n d i c a t e  tha t  the va lue  of t h i s  f a c t o r  w i l l  
have a range between 1 and 3, 
pm must be modified by a factor which depends upon 
The experimental work by i n v e s t i g a t o r s  on the proposed 
m o d e l  has indica ted  a n  area of poss ib l e  a p p l i c a b i l i t y ,  and an  
area where the model does no t  appear to  hold,  These reg ions  are 
expressed i n  t e r m s  of the B r i n e l l  Hardness numbers, and hence i n  
t e r m s  of the u l t i m a t e  s t r e n g t h  of the material. This i s  poss ib l e ,  
s i n c e  there exists an empirical c o r r e l a t i o n  between hardness num- 
ber and u l t ima te  s t r e n g t h  of the material. I n  this p a r t i c u l a r  
case, it is  ind ica t ed  that  the w e a r  m o d e l  holds fo r  load pres- 
su res  below a load pressure w h i c h  corresponds t o  1/3 of the 
B r i n e l l  hardness of the material i n  ques t ion ,  
9 3  
The gene ra l  a p p l i c a t i o n  of t h i s  theoretical model t o  pre- 
d i c t  w e a r  i n  mechanical elements is  s t i l l  a s i g n i f i c a n t  prob- 
l e m  because of a l a c k  of information i n  severa l  areas. More 
information i s  requi red  on the effects of l u b r i c a t i o n  on w e a r  
ra te ,  the effects of material surface condi t ion  o n  wear, and 
the effect of accumulated w e a r  w i t h  r e s u l t i n g  geometrical  and 
material su r face  changes on the w e a r  rate. I n  add i t ion ,  more 
development is  needed on the m o d e l  to  t ake  i n t o  cons ide ra t ion  
i n t e r a c t i o n  w i t h  o t h e r  e f f e c t s  such as ab ras ive  w e a r  and sur- 
f a c e  f a t igue .  
model. 
adhesive w e a r  after running i n  should be s m a l l ,  and much less 
than  a b r a s i v e  o r  co r ros ive  w e a r .  
nored during running i n  o r  where the load i s  about H/3. 
One f i n a l  comment should be made concerning this 
I n  g e n e r a l ,  wi th  good design and opera t ing  condi t ions ,  
It  cannot,  however, be ig- 
I n  the absas ive  type of w e a r ,  removal of sol id  material 
from a su r face  i s  accomplished by being ploughed o r  gouged o u t  
by a much harder surface.  'There are t w o  condi t ions  w h i c h  en- 
courage this s o r t  of w e a r  - when the hard su r face  i s  a third 
body, g e n e r a l l y  a small p a r t i c l e  of g r i t  o r  abrasive.  The 
shape(qf these w e a r  particles i s  important and it has been 
shown tha t  angular particles of a sof t  material produce more 
w e a r  than rounder harder particles. I t  has been pointed out(3) 
t h a t  a good measure  of the r e s i s t a n c e  t o  ab ras ive  wear i s  the 
amount of e l a s t i c  deformation that  the s u r f a c e  can sustain.  
The larger the e las t ic  l i m i t  of s t r a i n ,  the better the surface 
should be able t o  resist damage by an ab ras ive  o r  harder surface.  
(6) 0- 
E 
- -  
E l i m  - E 
where 
= elast ic  l i m i t  of s t r a i n  
E, = elastic l i m i t  of stress 
E = material modulus of e l a s t i c i t y .  
i m  
For a wide range of materials 
or 
E, cy H ,  the inden ta t ion  hardness,  
H e- 
E l i m  E 
Since the elastic s t r a i n  energy per u n i t  volume 
and 
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E =  H 
and hence 
From these r e l a t i o n s  it can be concluded that ,  q u a l i t a t i v e l y ,  
the ab ras ive  wear r e s i s t a n c e  should vary d i r e c t l y  w i t h  hard- 
ness  and inve r se ly  w i t h  the elastic modulus. 
T h i s  d i scuss ion  of adhesive and ab ras ive  w e a r  sugges ts  
s t rong ly  t h a t  the w e a r  process  i s  s t rong ly  influenced by the 
hardness of the mater ia l .  T h i s  should be given c l o s e r  exami- 
na t ion ,  s i n c e  on the basis of the preceding cr i ter ia ,  an 
inc rease  i n  hardness  from Rc34 t o  Rc60 would only inc rease  a 
specimen’s w e a r  r e s i s t a n c e  by approximately two,, 
i n  wear ra te  w i l l  i n  most cases  be unnoticeable. However, 
w e  must recall  tha t  t o  inc rease  the hardness of a material w e  
have i n  a l l  p r o b a b i l i t y  changed the chemical s t r u c t u r e  of the 
material. Therefore,  as w i t h  carbon steels, the s t r u c t u r e  may 
change f r o m  an i r o n  s t r u c t u r e  t o  an i r o n  carb ide  s t r u c t u r e  
w h i c h  w i l l  be much m o r e  i n e r t  and have a much lower su r face  
energy,, Such changes are l i k e l y  t o  be of much g r e a t e r  b e n e f i t  
than the inc rease  i n  hardness. 
Such a change 
When rubbing o r  s l i d i n g  surfaces are immersed i n  an 
environment w h i c h  i s  co r ros ive  o r  ox id iz ing ,  both adhesive 
and ab ras ive  mechanisms tend t o  produce continuous removal 
of the products  of cor ros ion  or  the oxides  and thus  lead t o  
a genera l  a c c e l e r a t i o n  of w e a r ,  
t o  c y c l i c  stresses, materials of a h igh  energy s ta te  are 
created continuously along the g l i d i n g  p lanes  of the c r y s t a l s .  
The su r face  f i l m  on the m a t e r i a l  may also break down. 
the a c t i o n  of the stress and s t r a i n ,  however, some s e l f  repair 
of t h i s  f i l m  i s  a p t  t o  occur. 
i s  such tha t  cor ros ion  may spread more r a p i d l y  than these 
cracks  can r e p a i r  themselves, hence co r ros ive  w e a r  can 
r a p i d l y  become excessive,  
When the m e t a l  i s  subjected 
Under 
For m o s t  m e t a l s  the s i t u a t i o n  
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